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ABSTRACT

The purpose of this design project is to develop a mechanical testing
device to work in conjunction with a scanning electron microscope [SEM]. The
objective of this work was to be able to perform a mechanical property measuring
test and observe the small scale physical behavior of the sample with the SEM
as the test progresses. The design process is presented from concept
development through to the completion of the prototype device. Test data was
acquired and analyzed and the results are compared to standard values for the
materials being tested. Recommendations for future improvements in the next
generation of the device are provided.
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1.

INTRODUCTION

Man is a tool making and using animal, and throughout history has striven
to improve the design, structure, composition and function of these tools. To do
so an understanding of the construction materials they are made of has become
and ever more critical requirement. From early man with stone tools selecting the
best types of stone to use for a particular tool; to modern man creating novel
alloyed, composite, and even functional materials; testing of the mechanical
behavior of materials has been a hand in hand requirement. Early mans‟ tests
were subjective and qualitative. Which rock makes a good sharp edge when
broken? Which rock is less likely to shatter when used for pounding? Which can
be easily hollowed by chipping to make containers? As materials were improved
over history by discovery, the nature of tests that were performed on them were
improved as well. Over time the body of materials knowledge initially of a
subjective nature, became more qualitative as astute historically important
people worked to deduce the principles behind the accumulated information.
Galileo Galilei 1 was one of the first in his efforts to develop a mathematical
understanding of the bending and failure of wooden beams his work “Discorsi e
Dimonstrazioni matematiche” published in 1638. Mathematical laws and
formulas describing the mechanical behavior of bulk materials of various
geometries were developed in the 17th and 18th centuries and published by great
historical figures such as Hooke, Newton, Navier, Coulomb, Bernoulli, Euler,
Poisson, Lagrange, Cauchy, and Clausius2 to name but a few.
The late 18th, 19th and early 20th centuries saw the rise and expansion of
industrialization, formalized engineering disciplines, and research into materials
and their applications. Machines of many types were designed to perform
1

“The Mathematical Theory of Elasticity” fourth edition, A.E.H. Love , Dover
Publications New York 1944. page 1
2
“The Mathematical Theory of Elasticity” fourth edition, A.E.H. Love , Dover
Publications New York 1944. „Historical Introduction‟
1

tensile, compression and other tests to qualify structural materials for the great
building projects of the 19th century. The results of tests were used to improve
material components of buildings, vehicles, and all manner of other machines.
All this information served as feedback to the engineering disciplines, and the
growing research into Material Science.
The latter part of the 19th and early 20th centuries brought a need for a
means of testing smaller objects in an essentially non-destructive manner and for
testing small batches of experimental materials. Micro hardness testers were
created to apply relative small loads to diamond indenters of various geometries;
measuring the impression resulting from a known load optically, allowed
calculation of the desired mechanical properties. The latter part of the 20th
century brought an increase in the manufacture of smaller and more complicated
devices and the need to be able to test smaller and smaller volumes of material.
Much research into multi-layered and composite materials required tools for
visualization and mechanical characterization at micron and nanometer scales.
Microhardness testing while useful for small volumes of bulk materials had
challenging limitations when applied to thin films and composites. Measurements
at the micrometer and sub micrometer scale were problematic due to
inaccuracies in optically measuring the residual impression. Research in the
early 80‟s by Oliver, Hutchings and Pethica3 was a first step toward addressing
this problem. They developed a system to perform instrumented indentation by
measuring the load and displacement and calculating the impression from the
known geometry of a diamond indenter. This technology was commercialized by
Oliver and Pethica, who founded Nano Instruments to produce the NanoIndenter®. Nanoindentation was relatively rapidly accepted by the research
community, and was greatly advanced by the research of Oliver and Pharr 4

3

J. B. Pethica, R. Hutchings, and W.C. Oliver ,Philosophy Magazine A 48, 593
1983
4
“An improved technique for determining hardness and elastic modulus using
load and displacement sensing indentation experiments”, W.C. Oliver and
2

which demonstrated the uniqueness and validity of these techniques for
measuring mechanical properties from microscopic volumes of materials.
The need to visualize the morphology of complex natural and constructed
structures, at magnifications beyond the capability of optical microscopy, led to
the development and proliferation of scanning electron microscopes [SEM] and
transmission electron microscopes[TEM]. TEMs image atomic level detail in very
small specimens, a few hundred microns on a side that are very thin. The
specimen must be thin enough for electrons to pass through it to create the
image. Sample thicknesses vary from tens of nanometers to a few microns
depending on the material. Modern TEMs have a resolution on the order of 0.05
nanometers or half an Angstrom.
The concept of an SEM was first described in 1935. Over the following 30
years researchers in electron microscopy developed and perfected the electron
gun, vacuum equipment and electron detectors needed to integrate the first
commercial SEM, which was produced by Cambridge Scientific Instruments in
1965.5 As compared to TEMs, SEMs are far more versatile devices, having
somewhat lower resolution. SEMs can accommodate a broader variety of sample
sizes, and sample preparation is much easier because the imaging process does
not require minute electron transparent samples. SEMs scan an electron beam
over the surface and record an image created from the electrons that are either
reflected from the sample or absorbed and re-emitted. SEMs are typically
designed to accommodate additions of other hardware, by providing ports, into
the vacuum chamber where imaging occurs, so that additional hardware can be
attached. Typical resolution for a modern SEM is on the order of 2-3 nanometers,
with a range from 10‟s X to 100,000‟s X magnification.
G.M.Pharr, Journal of Materials Research, Volume 7, Number 6, pages 15641583, June 1992
5
“Scanning Electron Microscopy and X-Ray Microanalysis” third edition, Joseph
Goldstein, Dale Newbury, David Joy, Charles Lyman, Patrick Echlin, Eric Lifshin,
Linda Sawyer, and Joseph Michael, pages 3-6. Springer Science + Business
Media, Inc. New York, 2003
3

Research into the properties of materials at micron and sub micron scale
has led to an increased interest in in-situ testing, combining the imaging
capabilities of an SEM or TEM with other devices to measure material properties,
so that mechanical property measurement and observation of the physical
behavior of materials at this scale can occur simultaneously.

In-situ mechanical testing a Very Recent History
The Materials Research Society [MRS] hosts spring and fall meetings
each year which are perhaps the most significant venues for presentation of
materials science research work world wide. Early adopters of new experimental
techniques would be likely to present their work at MRS.
An abstract review6 of presentations at the Fall 2005 meeting of the MRS
reveled no presentations related to in-situ mechanical testing in the SEM
environment. The same was true for the Spring 2006 meeting of the MRS.7
An abstract review of presentations at the Fall 2006 meeting of the
Materials Research Society [MRS] 8 revealed three in-situ testing related talks
and two tutorials partially dedicated to in-situ testing. The device presented in
this thesis was also on display at the MTS Nano booth in the exhibitors‟ hall at
MRS Fall 2006 and was well received by the attendees. MRS Spring 2007
abstracts9 did not include an entry related to in-situ mechanical testing in the
SEM.

6

“2005 Fall Proceedings” , Materials Research Society, MRS website
http://www.mrs.org/s_mrs/sec.asp?CID=6205&DID=167956 Retrieved
10/29/2007
7
“2006 Spring Proceedings”, Materials Research Society, MRS website
http://www.mrs.org/s_mrs/sec.asp?CID=6434&DID=173845 Retrieved
10/29/2007
8
“Program and Exhibit Guide” Fall 2006 Meeting , Materials Research Society
9
“2007 Spring Proceedings”, Materials Research Society, MRS website
http://www.mrs.org/s_mrs/sec.asp?CID=8807&DID=194585 Retrieved
10/29/2007
4

An abstract review of the MRS Fall 2007 Meeting 10 revealed two
symposium sessions dedicated to in-situ testing methods with a total of 13 talks
about in-situ testing, and two poster presentations on in-situ testing.
Research into the availability of equipment to perform in-situ testing
revealed that currently three manufacturers; produce a nanoindenter for use in a
TEM, Nanofactory Instruments11 TEM-indenter12 , Hysitron Incorporated13
PicoIndenter14, and the Hummingbird Scientific15 model NI-100516. A Google
Scholar search on the term Picoindenter returned 36 related links17 with dates
from 1996 to present. A Google Scholar search on the term TEM-indenter
returned no links18. A Google Scholar search on the term NI-1005 returned 15
unrelated links19.

10

“Symposium AA: Fundamentals of Nanoindentation and Nanotribology IV”,
Fall 2007 meeting, Materials Research Society. MRS website
http://www.mrs.org/s_mrs/doc.asp?CID=11140&DID=201644&css=print
Retrieved 10/29/2007
11
Nanofactory Instruments, webpage http://www.nanofactory.com/index.asp
Retrieved 10/29/2007
12
Nanofactory Instruments, webpage
http://www.nanofactory.com/news.asp?id=34&type=news Retrieved 10/29/2007
13
Hysitron Incorporated, webpage http://www.hysitron.com/index.htm Retrieved
10/29/2007
14
Hysitron Incorporated, webpage http://www.hysitron.com/picoindenter.htm
Retrieved 10/29/2007
15
Hummingbird Scientific, webpage
http://www.hummingbirdscientific.com/index.htm Retrieved 1/13/2008
16
Hummingbird Scientific, webpage
http://www.hummingbirdscientific.com/products/nano_indenter/product_NI_1005.
pdf Retrieved 1/13/2008
17
Google Scholar beta, research article search site, webpage
http://scholar.google.com/scholar?q=Picoindenter&hl=en&lr=&start=30&sa=N
Retrieved 10/29/2007
18
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Google searches returned no links for Hummingbird & NI-100520, 6 links for TEMIndenter21 and 169 links for PicoIndenter,22
Three companies were found producing tensile stages for large force
tensile testing in SEMs. Deben23 produces 2 and 5 kN tensile and compression
stages. Gatan24 produces the Microtest product line comprising tensile and
compression stages ranging in capability from 2N to 5kN. Fullam25 produces 100
and 1000 lb tensile stages for a limited number of SEMs.
A substantial number of inquiries from potential customers have been
received by MTS Nano Instruments over the past few years regarding the
possibility of various in-situ mechanical properties tests in the SEM, these have
resulted in the order to produce the subject of this thesis, and a few other related
orders.

Opportunities for Advancement
The recent increase in interest in this sort of testing, as demonstrated by
MRS presentations, indicates the timeliness of development of this device. Its
introduction at MRS Fall 2006 fits well within the time line.
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The commercially available in-situ devices discovered were designed for
very specific test applications. Design for the TEM puts specific constraints on
the capability of the device since the complete device must fit into the TEM
sample holder geometry, which is essentially a long thin rod, and must work on
the very small TEM samples. Commercially available tensile stages work with
samples in the tens of millimeters size range, and require replacement of SEM
sample stage components with components of the tensile stage, limiting the SEM
to a specific application while installed. Substantial time would be required to
install and remove these systems.
By contrast the system described by this thesis is more versatile providing
a common platform for multiple types of tests. Sample geometry for this system
is in a range from a few millimeters to a few hundred microns, depending on the
nature of test it is configured for; filling a hole in the scale of testing between
current commercially available devices. This device does not interfere with other
common uses of the SEM such as imaging and X-ray analysis, and does not
require removal to re-enable the other uses of the SEM. The SEM contributes
more accurate targeting of microscopic sample features than is possible with an
optical microscope, and allows observation of the sample as the test is
performed.

Design Significance:
Mechanical properties of materials are often a function of the physical structure
of the material at the micro and nano scales. Performing mechanical property
testing in the Scanning Electron Microscope, allows observation of changes in
the physical structure of materials as the test is performed. Data for load and
displacement and by calculation stress, strain and modulus from the mechanical
test and the observed structural changes, will allow a better understanding of the
relationship between material structure and measurable properties. This thesis
describes the process of designing a tool to facilitate this type of research.
Some examples of areas of research made possible by this device:
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Tensile actuation of a properly prepared specimen of a multilayer thin film
could be performed to examine de-lamination of the film layers, and data
could be gathered related to inter-lamination bond strength.
Beam bending experiments at a micron length scale could be performed
to investigate the effect of scale on the validity of classical mechanical
analysis models.
Actuating MEMS structures to observe structural changes and measure
associated forces and displacements; results could be used to improve on
the design of these structures.
Information from observing mechanical deformation of micro and nano
scale structures under know loads could be used to improve FEA
algorithms describing these structures.

Design Challenges:
o Ensuring that the designed device does not interfere with or degrade the
performance of the host SEM
o Alignment of the system to the optimal location in the chamber for
specimen imaging
o Completing the design without ready access to the host SEM
o Ensuring that the SEM environment does not degrade the performance of
the device being designed
o The additional task of designing a test specimen for device demonstration
Details of addressing these challenges appear in the Appendix.
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2.

DESIGN OBJECTIVE

The objective of this thesis is to document the design of a device for
mechanical testing of millimeter to micron scale samples in the SEM
environment. The design will enable a number of different mechanical testing
experiments that are common to material testing such as tension, compression,
indentation and bending by means of appropriate hardware to perform different
tests. Of these capabilities tensile testing will be implemented, to meet the scope
of a custom design request from a customer of MTS Nano Instruments.
The scope of work includes the following:
1. to define a set of design specifications for a device to perform a tensile
test, such that the guage section of the tensile specimen is within the field
of view of a SEM
2. to design an apparatus to meet the design specifications
3. to build a working prototype of the apparatus to fit a specific SEM
4. to define and perform a set of tests to determine if the specifications are
met
5. to deliver the finished prototype within the six month contract period
Development work will be carried out to design test methods for operating
the apparatus to perform the tests. Post mortem analysis will be performed to
determine areas of needed improvement in follow on second generation
prototypes. The extension of this design to other mechanical tests will be
considered during the design process. Additional hardware to enable other
possible tests will be conceptualized but not prototyped or tested.
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The Design Process
The process of design is normally carried out in a stepwise iterative
manner similar to the flow chart shown (see figure 2.1). A preliminary market
analysis and customer feed back steps would precede the steps shown in this
chart, for purposes of defining attributes of the product to be designed. From this
information operation requirements and design specifications are developed and
feed back from potential customers is instrumental in refining these specifications
to ensure that the product developed is of optimal usefulness.
Multiple concepts are proposed to address the design specifications. A
multi-disciplinary team representing marketing, engineering, applications, and
manufacturing analyze the concepts to select the best concept for further
development. Engineering then designs and develops a prototype of the
selected concept. Engineering drawings for parts produced for the prototype are
sent to machinists for manufacture, original equipment manufacture [OEM]
components are ordered and a plan for prototype integration is defined. Upon
receipt of the OEM components and custom parts, the prototype is integrated
and tested to see if it meets expectations. Prototype development, integration
and testing are carried out in an iterative manner to achieve a final prototype that
meets the design specifications. Final fabrication drawings, manufacturing
processes and product functionality verification steps are defined, completing the
design cycle.
In the instance described in this thesis the normal process was bypassed in
several key steps. This is due the fact that this thesis is the write up of the
development process for a specific custom design, produced to meet a general
design request provided by a customer. These steps are passed over in
preference to meeting the customer‟s requested specifications.
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Engineering Systems Analysis

Operation Requirements

Design Specifications

Synthesis

Analysis

Concept A

Concept B

Concept C

Evaluate Concepts

Preliminary
Design

Build Prototype

Test Prototype

Fabrication
Drawings

Manufacture

Figure 2.1: Design process flowchart
Source: “Mechanical Design and Problem Solving”, Dr. Don W. Dareing, Text for
ME450/460 Senior Capstone Design Class, The University of Tennessee, 2005.
Variant of Figure 1, page 8 provided by Dr. Dareing
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Design Specifications
Design specifications provide a baseline for engineering design, defining
what the device is to do and what performance level is expected. In this instance
the customer provided a set of general specifications for the device, which were
extended when the custom design request was reviewed by Nano Instruments
staff. These specification extensions were intended to improve the performance
of the device and define obvious consequences of the customer specifications.
The extended specifications were reviewed and approved by the customer.

Customer Requested Specifications:
Device to fit on and work in a FEI Quanta 200 SEM
Pentium VI or better computer to run control and data acquisition software
User friendly modern software, for data acquisition, system control, and
experiment development
Tensile Actuator for use in SEM
Extension resolution of 0.08 micron
A 250 gram force load cell, with non-linearity less than +/- 0.5% of
full scale and non-repeatability of less than +/- 0.5% of full scale
Additional hardware channels for transducer output or sensor input
integrated with the control and data acquisition software
Apparatus to be retractable or removable so that SEM capability is not
limited by the apparatus when not in use. A strong preference is given for
a retractable solution

Further Specifications Developed During Analysis of
Customer’s Needs:
The design should be integrated via a single port on the SEM, with all
connections passing through the flange attached to the SEM port
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The in chamber components of the design should be both retractable and
removable
The force sensor and end effectors must be removable to allow for
different tests and force ranges
The electrical connections must have mating connectors on both the
vacuum and air sides
The linear actuation system will be driven by a servomotor
The resolution of extension should be substantially better than 0.08 micron
The force sensor chosen should be from a family of sensors with a range
of maximum loads and having a common form factor
The apparatus must not interfere mechanically, magnetically, electrically
or by contamination, with the normal operation of the SEM when in use or
when not in use
When not in use the device must not interfere with the motion envelope of
the SEM sample stage
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3.

DESIGN APPROACH

General Approach
Design specifications exist and are defined by the customer‟s requests
and extensions to these requests developed in the project design review.
Prototype design and implementation will be carried out, to the greatest possible
extent using commercially available OEM parts, and a systems integration
approach. The implementation should also capitalize on existing products or
product components and technical knowledge of MTS Nano Instruments. Custom
designed parts will be developed to facilitate integration of various OEM
components. The reason for this approach is two-fold to accelerate the design
process and to leverage the knowledge and experience of existing manufacturers
to provide solutions to key problems in the design.
A close working relationship will be sought with FEI Company, the
manufacturer of the target SEM for purposes obtaining critical dimensional
information regarding the geometry of the SEM chamber, stage, sample
mounting, and beam path. The SEM is not readily available, and any access to it
requires arrangement with the customer and travel to the SEM site; thus a
working relationship with FEI to obtain dimensional and other information is a
critical need for success in this design.

Design Concepts
Four concepts for implementation of this design were conceived and
evaluated to choose the approach to this project.

Concept A:
A retractable device attached to an SEM port with sufficient extension to
retract the mechanism to provide clearance for the motion envelope of the SEM
sample stage during normal operation. Extension motion and electrical signals
pass thru a port or ports. System control and data acquisition will be
14

accomplished using MTS Nano Instruments TestWorks®4 software and existing
product hardware where applicable. End effectors and custom sample mounts
attached to the SEM stage allow for multiple test methodologies.

Concept B:
A removable device mounted to the SEM sample stage, which will be
mounted and dismounted as needed to allow normal SEM operation. Electrical
signals will be passed thru a port preferably on the SEM chamber door if
available. System control and data acquisition will be accomplished using MTS
Nano Instruments TestWorks®4 software and existing product hardware where
applicable. Other test methodologies will require designing other hardware to
mount to the SEM stage.

Concept C:
A retractable device attached to an SEM port with sufficient extension to
retract the mechanism to provide clearance for the motion envelope of the SEM
sample stage during normal operation. Extension motion and electrical signals
pass thru a port or ports. System control and data acquisition will be
accomplished with National Instruments LabView and National Instruments
approved hardware for system components. End effectors and custom sample
mounts attached to the SEM stage allow for multiple test methodologies.

Concept D:
A removable device mounted to the SEM sample stage, which will be
mounted and dismounted as needed to allow normal SEM operation. Electrical
signals will be passed thru a port preferably on the SEM chamber door if
available. System control and data acquisition will be accomplished with
National Instruments LabView and National Instruments approved hardware for
system components. Other test methodologies will require designing other
hardware to mount to the SEM stage.
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Evaluation of Design Concepts
Design problems are inherently open ended, there are multiple design
concepts that will satisfy the design specifications and design constraints. An
objective system is needed to evaluate the concepts. In almost any decision four
basic elements are considered with a lesser or greater degree of rigor.
“These same four elements (performance, cost, risk and availability) are
also basic in choosing a preferred design concept. The following defines these
elements as they relate to Mechanical design:
A. Performance – The capability to achieve needed operational
characteristics, plus reliability.
B. Cost – The estimated cost of the design, including development and
manufacturing costs.
C. Risk – The possibility that performance may not be met because of the
design approach, absence of testing, or some specific technical
consideration.
D. Availability – The availability of a design depending on the stage of
development.

A typical procedure for scoring several alternatives is to break each of
these four categories into key sub elements and give each sub element an
appropriate weight… Each design alternative can then be scored under each
sub element. The scoring is strictly a judgmental call and here is where
experience becomes an important factor. The more experience the better the
judgment or scoring. Once each concept has been scored for each sub element,
the numbers are totaled for a composite score for each concept. The total
scores provide a means of comparing each concept against the others.
The numerical evaluation scheme has two key objectives. The first is to
have a way to quantify one‟s judgment against a fixed scale so that each design
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concept can be rated in the same manner, thus, showing their truest level of
merit in comparison with each other. The second objective is to give a way to
examine the rationale of the final scores by looking at each element of the
concept that was given a grade and see where the strong an weak points are in
each. Since all design selections are the result of trade-offs, the scoring system
aides in selecting a preferred concept”26
An evaluation of the 4 design concepts was performed using the above
method for quantifying the analysis (see Table 3.1). Concept A is a clear choice
among the competing concepts; figure 3.2 provides a visualization of this
concept.

Design Development and Prototype Synthesis
The short six month time window for the custom development of this
device, led to a rapid prototyping approach to implementation, so that the
development process could be completed in the available time. During this
process, as OEM components for each subsystem of the design are being
selected, various alternatives are reviewed and the best available choice is
made. In some cases such as the data acquisition and control software the
concept choice defined the implementation, while in others previous experience
with similar components or physical constraints of previously completed design
choices guide the prototype implementation. Once the complete set of OEM
components and their specifications are known, the design of custom
components to complete the prototype implementation is begun; machined parts
and wiring are designed to integrate the OEM components into a completed
prototype.

26

Used with the permission of the author. Source: “Mechanical Design and

Problem Solving”, pages 31 & 32, by Dr. Don W. Dareing, text for ME450/460
Senior Capstone Design Class, The University of Tennessee, 2005.
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Table 3.1: Evaluation of Design Concepts
EVALUATION CRITERIA

A

B

C

15

15

12

10

5

o Minimize interference with other uses of SEM

10

10

6

10

6

o

Customer preferences met or exceeded

15

15

10

10

5

o

Flexibility/ease of alignment with beam of SEM

5

3

5

3

5

30

30

25

10

10

5

4

3

3

2

10

10

9

4

4

5

4

3

3

2

5

4

4

2

2

(100%)

95

77

52

41

PERFORMANCE
o

Maximize test methodology flexibility

SCHEDULE
o

6 Month Delivery

o

Maximize use of OEM Parts

RISK
o

(45%)

(35%)

Capitalize on existing company knowledge and

Harvest vendor knowledge for key subsystems

COST
o

D

(15%)

technology
o

Rank

(5%)
Acquire/learn/implement new technology

Concept Ranking
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Figure 3.2: Conceptual sketch for Concept A

Following text describes this prototype implementation and shows the
process of concept evaluation and design analysis as it occurred for this custom
design project. For purposes of this document solid models or photographs will
used to show the nature of parts created during the design of this tensile testing
system. In general dimensioned drawings will not be presented, since this
document will be public domain, and the subject is a product of MTS Nano
Instruments.
Key design and development details will be presented in the body of the text but
the majority of design conceptualization, implementation, and subsystem choice
detail will be presented in the Appendix.
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4.

PROTOTYPE IMPLEMENTATION REQUIREMENTS

The chosen design concept and the design specifications as well as the overall
goal of the design project are reviewed to determine requirements implied by the
concept and specifications.

General Operational Requirements
The design must include a fixture to hold the sample to be tested, a
means for accurately measuring the force exerted on the sample, and a means
for measuring the extension as the sample is elongated. Both the force and
extension should be resolved in as small as possible increments. The apparatus
should be aligned so as to ensure that the force is exerted in a uniaxial manner,
i.e. the force vector should be coaxial with the long axis of the sample to ensure
that no off axis forces are exerted on the sample. The alignment of the apparatus
should also ensure that the region of interest on the sample is located at the
optimal location within the chamber for observation by the SEM.

Mechanical Testing Requirements
To measure the behavior of the specimen under test, the behavior of the
test system in response to the same stimulus must either be so small in
comparison to the specimen response as to be negligible, or independently
characterized as a function of the stimulus and repeatable, so that the system
behavior can be reliably subtracted out of the combined response.
The measured values of load and extension determine a measure of
stiffness (load/extension) for the complete testing apparatus. This stiffness is the
summation of the stiffness‟s of all components of the path over which the load
was exerted. A series path exists from the actuator, through the shaft, load cell
and sample grip to the sample, from the sample to the sample holder, through all
components of the SEM sample stage, through the mounting of the sample stage
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to the chamber and back to the actuator (see figure 4.1). The measured stiffness
can be expressed as

K measured

1

in which K sample is only one of the n components. If the sample

1
1
Kn
n

is replaced by a very stiff object then the less stiff components will dominate the
measured result and a system stiffness value can be measured. K system

K measured

Knowing the system stiffness the sample stiffness can be determined as follows.
K measured

1
1

1

K system

K sample

thus

1

K sample

1

1

K measured

K system

For confidence in the specimen data, the ideal case is an independently
verifiable, repeatable, system response

comparison to the specimen response

1
K system
1

K sample

subtracted out of the measured response

that is a negligible amount in

but can none the less be
1

1

1

K measured

K system

K sample

.

SEM Requirements
Any add-on device designed to reside in the SEM chamber must not
degrade the capability to produce a high vacuum. Things to be considered are
the materials used in the device, its physical design and the cleanliness of the
surfaces of the device. Materials chosen must not out gas or release molecules
over time, and must not be porous. Physical design should minimize overall
surface area since one source of slowly released molecular contaminants is
adsorbed gas molecules on the surface of components.
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Figure 4.1: Schematic of load path

Physical design must ensure that there are not any designed-in closed cavities,
all such cavities must have bleed holes or other openings to the chamber
volume.
Components that will reside inside the SEM chamber should be cleaned to
remove any oils left on the surface after the machining process or handling
without gloves.
The device will be attached a SEM port so that part of the device is inside
the chamber and part of the device is on the exterior of the SEM. The device
must maintain the vacuum of the chamber and be practically leak free. The
sealing mechanism must be extendable and retractable. The completed
assembly should be leak rate tested prior to installation to ensure that it was
successfully assembled.
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Any device introduced into the chamber must not interfere with the beam
forming and steering electromagnetic fields, or the beam itself. The device must
not generate magnetic fields or electrostatic potentials of any great magnitude as
these would potentially have an effect on the beam path and disrupt the imaging
process.
The optimal working distance between the end of the pole piece and the
top of the sample for the FEI Quanta 200 is 10 mm. The SEM depth of field is
substantial but as magnification increases the area viewed decreases in a linear
manner providing a challenge for alignment. The vacuum chamber diameter is
275mm; half this distance defines the minimum length of retraction required to
withdraw the testing device.
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5.

ENGINEERING DESIGN

Final choices of engineering components and an overview of the design
are presented in this section. Constraints that these choices place on other
design components and the specifications or constraints met by the chosen
components are discussed. Details of the decision making process for each
component and related calculations are presented in the Appendix.

SEM Design Constraints
The target SEM vendor FEI Corporation provided a solid model of the
chamber of the FEI Quanta 200, after suitable non-disclosure paper work was
completed. Examination of this model determined the choice of port A for the
attachment of the system being designed. Port A is a 2.75 inch inside diameter
circular port aligned so that the central axis of the port is perpendicular to the
beam at the nominal 10 mm working distance below the pole piece of the
electron beam column. Examination of available standard vacuum system tube
and flange components shows the largest standard tube diameter that could
pass through the port A inside diameter and provide room for an electrical feed
through to be 1.5 inch O.D. tubing. This tube has an inside diameter of 1.375
inches and is nominally fitted with a 2.75 inch O.D. ConFlat [CF] flange for high
vacuum applications. This choice of port, tube diameter and vacuum seal flange
constrained the remainder of the design.

OEM Components Chosen for the Design
As much as possible OEM components, from vendors in areas of
expertise key to this project, will be used in designing the tensile device.
Following is a list of OEM parts used in the design.
A Thermionics FLMR-275-50-6 was selected to implement the extension
axis of the system and provide a vacuum seal for the linear motion. This device is
a bellows sealed linear actuator with a 6 inch stroke. It is actuated by a 20 turns
per inch lead screw. The device mounts to the vacuum environment by a
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standard 2.75 inch CF flange. The long stroke of this device addresses the
retraction design requirement, and its lead screw helps to meet the extension
resolution specification.
A Huntington Mechanical Laboratories VF-175-2 was chosen to implement
alignment with the electron beam. It is a split ring assembly that provides two
degrees of deflection to the path through its central axis. The split rings can be
rotated together to choose a plane of actuation, then one ring is locked and the
other rotated to sweep the central axis of the rings +/- 1 degree in that plane. It
has an internal bellows to provide a vacuum seal through its length and is
attached via 2.75 CF sealing flanges. The I.D. of the device is the same as that
of 1.5 inch vacuum tubing, providing sufficient clearance to pass the vacuum side
extension of the linear actuator.
A load cell was specified to measure the force resultant from extension of
the sample. To meet the retraction requirement it is constrained to be small
enough to fit within the 1.375 inch I.D. of the tube, with some room to spare to
allow axial alignment. The only choice found to meet this requirement was the
LSB200 family of load cells produced by Futek Advanced Sensor Technology,
Inc. This family of load cells also meets the requirement of a range of capacities,
and does include the specified 250 gram force load cell.
Five connections are required for the load cell electrical signals, four strain
guage signals and a shield wire. A hermetically sealed connector is required to
allow these signals to pass through the SEM chamber wall. The selection of
double sided connectors small enough to co-exist in a 2.75 inch hole with a 1.5
inch diameter tube and leave sufficient space for TIG welding the connector and
tube into the SEM port cover was very limited; only one viable choice was small
enough and had enough connections. This was the Ceramaseal 16001-02-w, a
six pin circular weld in connector less than 7/8 of an inch in diameter and it‟s
mating connectors for the vacuum and air sides produced by CeramTec North
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America Corporation. The vacuum side connector supports the specification that
the load sensor be removable to allow changing test configurations.
A Harmonic Drive PSA-8-100 was the best candidate to drive the linear
actuator. It was selected in part due to positive past experience with similar motor
assemblies from Harmonic Drive. The PSA-8-100 is a combined 12 volt
servomotor, 500 line incremental encoder and 100:1 gear ratio harmonic drive
gear head. The high line count of the encoder used to measure motor rotation
and the high gear ratio improve the resolution of the extension axis, supporting
the extension resolution requirement.
The motion control board used to provide programmable control of the
extension axis is a standard component of MTS Nano Instruments products; it is
a custom design 4 channel servomotor controller. This controller is already
integrated with MTS Nano Instruments TestWorks® 4 software, thus supporting
both the rapid development and use of Nano Instruments technology criteria for
design concept selection. The motion controller applies a quadrature algorithm to
the position signal increasing encoder resolution by a factor of four. This control
board supports the extension resolution specification.
A Dell Precision Workstation model 670 was picked to run data acquisition
and control software and provide an interface to system hardware. It meets or
exceeds all the requirements for the system control computer. This particular
computer is a standard component of MTS Nano Instruments products, and thus
compatibility of the computer, TestWorks® 4 software [TW4], the motion control
board and the NI ADC card are ensured by prior work developing standard
products. Incorporating this existing Nano Instruments technology supports the
rapid development of this design.
System control is accomplished with Testworks®4, MTS Nano
Instruments software for data acquisition, hardware and experiment control. TW4
is also designed for the ease of integration of additional hardware. Sensors and
actuators are configured as hardware channels within TW4. Hardware channels
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have built in routines for scaling and calibration; channel values can be
represented as raw voltage values or defined and scaled to engineering units
appropriate to the physical property being controlled or measured. Testworks
exceeds the customer‟s specifications for system control software.
National Instruments PCI 6036E, SC-2350 and SCC-SG24 were selected
to interface a load cell to TestWorks for force measurement. The National
Instruments [NI] PCI 6036E, it is a very precise high speed multiplexed 16
channel 16bit ADC. It was chosen because the work required to integrate it into
the TestWorks® 4 software was already completed during the development of a
prior product, and its specifications are more than adequate to meet the needs of
this project. The NI SC-2350 is an external chassis that directly connects to the
6036E ADC card; it allows the use of the SCC-SG24 signal conditioner and
allows the system to meet the design specification for additional input channels
for signal conditioning. The NI SCC-SG24 signal conditioner is a 2 channel full
bridge strain gauge interface that provides a 10v excitation output to the strain
gauge. It was chosen because it allows the use of a novel non-referenced single
ended [NRSE] interfacing technique for full bridge strain gauges. The NRSE
technique decreases the noise in the strain gauge signal by about an order of
magnitude as compared to the noise level in an industry standard double end or
differential referenced strain gauge.

Custom Mechanical Components
Several custom parts were designed to integrate the OEM parts into a
complete system. The structure of these parts was in large part determined by
the selected OEM components.
A mounting part was designed to interface the actuator and alignment
systems to the SEM, and provide the electrical feed through into the SEM
chamber, it attaches to the SEM port (see figure 5.1). It is an assembly welded
together from components comprised of a custom port cover plate, a hermetic
seal electrical feed through, and a standard 2.75 CF flange vacuum tube nipple.
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This part accommodates the requirement for interchangeable sensors with the
vacuum side connection on the hermetic seal. Alignment of the tube and port
cover plate components was critical to the overall alignment of the system to the
SEM beam. This part provides dead space for the vacuum side components of
the system to be withdrawn into to meet the retraction specification.
An interface plate was created to attach the drive motor and gearbox to
the end of the linear actuator. This part also provided mounting locations for
connectors to attach cabling for electrical signals to the motor, encoder and limit
switches on the linear actuator.
An assembly of custom parts (see figure 5.2) was designed to provide
mounting for the load cell, and hook sample grip to the working end of the linear
actuator.

Figure 5.1: Custom part for connection to SEM port
.
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Figure 5.2: Complete load cell mounting assembly

It was designed to be adjustable so that proper orientation of these parts could
be achieved. Electrical isolation of the hook specimen grip was also
accomplished by one of these parts. The assembly was designed to
accommodate the goal of interchangeable end effecters and sensors. The hook
grip is specific to tensile testing and would be replaced by a different component
for other types of tests.
Parts were designed comprising an assembly for mounting samples on
the SEM stage. This sample holder gripped the sample by means of a pin and
had features to align and hold the sample in place (see figure 5.3). A feature of
one of these parts was a stub to fit the SEM sample stage. An associated part to
fit the sample holder was designed for performing the load frame stiffness
calibration. This assembly is specific to tensile testing and a different sample
mounting means would be designed to implement other types of mechanical
testing.
It was discovered during initial testing of the tilt actuator‟s capability that its
design and construction, apparently assumed vertical mounting.
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Figure 5.3: Solid model assembly of sample and gripping components

When horizontally mounted with the cantilevered load of the linear
actuator attached, the tilt mechanism had more play in tilt than it was capable of
adjusting out. To overcome the problem an assembly of double faced flanges
with tension arms and springs was devised to ensure a normal force on the
bearing races of the tilt actuator sufficient to overcome the moment imposed by
the cantilevered linear actuator (see figure 5.4).
Calculations were performed to determine spring forces to balance the
moment caused by the linear actuator mass, and an increase in each of the
forces to produce a net force along the central axis of the tensile actuator toward
the flange fixed to the SEM. The spring forces needed to compensate for the
horizontal mounting of the tilt actuator were determined to be 7.7 lbf for the two
upper springs and 0 lbf for the lower spring. Mounting a 2 inch spring on the
compensation assembly would result in an extension of 0.4 inches. Increasing
each force by 2 lbf and determining spring rates required to generate these
forces at the 0.4 inches of extension, resulted in required spring rates of 24.25
lbf/in for the upper springs and 5 lbf/in for the lower springs.
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Figure 5.4: Complete horizontal mounting compensation assembly

Available two inch springs were found with rates of 25lbf/in and 5 lbf/in and were
applied to the compensation assembly. Details of the design of this assembly
and spring calculations are presented in the Appendix.

Custom Electrical Components
Load cell signal wiring
A well shielded cable is required to pass the low level load cell signal back
to the signal conditioner. A 12 foot long cable composed of 4 mini coaxial cables
in a braided plastic sleeve was designed to meet this need. It was terminated at
one end by 4 BNC plugs for connection to the signal conditioning electronics and
at the other by the airside Ceramtec connector. The connections pass into the
SEM via the ceramaseal 16001-02-w hermetic connector, and its mating vacuum
side connector was attached to the load cell wiring. For signal integrity the shield
wire of the load cell was carried all the way to back to the signal conditioner via
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the shields of the 4 coaxial cables, and the centers of the coaxial cables were
used to connect the 4 load signals to the signal conditioner.
Motor power and control wiring
The Motion control board senses position information from the rotary
encoder and drives the servomotor to achieve the target position, with a pulse
width modulated [PWM] control voltage. PWM inherently generates electrical
noise the magnitude and frequency of which varies with motor speed. Several
precautions were taken to ensure that the effect of this noise on other signals
was at a minimum. The motor control signal was physically isolated by being a
separate cable. This cable was a shielded twisted pair wire with conductors
sufficiently large to carry the expected motor current. As an added noise
reduction effort, a braided wire sheath was placed around the motor control cable
and terminated to ground at the motion control board connector. Encoder and
limit switch signals are passed back to the motion control board on a separate
shielded twisted pair cable to ensure signal integrity.

Integration of OEM and Custom Components
Once all custom designed components were completed and all OEM parts
were available the integration of the complete tensile actuator assembly was
carried out. All vacuum components were assembled using bolts and copper
compression seals. An assembly jig was designed to ensure axial alignment of
the 2.75 CF flanges as they were bolted together and applied during the
assembly of these components. The rods and springs were added to complete
the compensation assembly around the tilt actuator. This sub assembly was
helium leak rate checked to ensure proper sealing of the flanges, and the
integrity of the two bellows seals. The load cell, tensile grip hook and their
mounting components were assembled, installed on the working end of the linear
actuator, and adjusted to the correct orientation in the completed system. The
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resultant in-situ tensile testing actuator was complete and ready for calibration
and testing (see figure 5.5).

Test Specimen Design
The customer did not have a specific tensile specimen designed for this
apparatus when the request for quotation was sent. We discussed the need for
a representative specimen for demonstration testing during installation, and it
was agreed that producing such a specimen would be a part of the solution
delivered (see figure 5.6). The design goals for the specimen design were:
Specimen to be constructed of a well characterized material
Specimen form to be similar to the standard dog bone shape typical of
tensile specimens
Specimen mounting to be pin in hole at both ends
Specimen must be self supporting when held at one end
Specimen strength to be limited by design such that the full force
capability of the actuator will be capable of yielding the specimen to failure
The specimen requirements for a well characterized self supporting material,
implies that the material choice should be a metal. The yield failure requirement
for the tensile specimen, requires a material with a relatively low characteristic
tensile strength σ, or that the cross section area of the gauge section be very
small, or some combination of the two. To ensure that yielding to failure would
occur, the specimen geometry was determined from the ultimate tensile stress
and a force of half of the force capability of the system. Soft annealed electrolytic
tough pitch copper was chosen as the specimen material based on its value of σ
and the recommendation of the photo etch vendor selected to make the
specimens. This is a well characterized material; its mechanical properties are
available in most standard material properties reference sources. Calculations to
determine the specimen cross section determined that a 0.003” x 0.003”
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Figure 5.5: Completed tensile actuator ready for mounting to SEM

Figure 5.6: Solid model view of tensile test sample
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cross-section should fail at about 130 gmf which satisfied the specimen failure
design goal. These calculations are presented in the Appendix.
A finite element analysis [FEA] model was created and run in Cosmos Works to
assess the validity of the sample design. The hole in the larger end of the
specimen was constrained to be fixed and a load of 1.25 N was applied along the
axial direction of the specimen to the edge of the hole in the smaller tab. This
load simulated the design load, half the 250 gmf capability of the load cell. The
tensile strength of soft copper is given by reference as 220 MPa. The peak von
Mises stress determined by the FEA model of 225 Mpa occurs in the guage
section of the specimen and just exceeds the reference value for tensile stress.
This confirms the specimen design goal of failure. The complete set of specimen
design goals were met by this sample design.
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6.

SYSTEM CALIBRATION AND TESTING

Calibration and testing of the completed assembly was carried out using
various vibration isolated test stands. This mode of system characterization was
used since the target SEM was not conveniently available for system check out.
Key results of system check out are presented here and details are presented in
the Appendix.

System Calibration
The motion system has an overall range of travel of 136 mm with a
calculated extension resolution of 6.35 nm, a substantial improvement over the
required specification of 0.08 μm or 80nm. In bench testing the motion system
was capable of repeating positions with accuracy better than the measurement
error of a metric depth micrometer.
The tilt actuator with the horizontal mounting compensation assembly
installed demonstrated acceptable position stability, with changes of less than
100 μm during the transition from atmospheric pressure to vacuum and less than
20μm drift over the course of 1 hour at vacuum. At full extension of the linear
actuator, positioning range of travel was better than +/- 1mm for a +/- 0.2 degree
actuation. Position repeatability for 0.1 degree steps was inconsistent with
about a 200 μm maximum error. Since position adjustment when mounted on
the SEM will be by observation rather than the index of the tilt actuator, this poor
position repeatability was not considered to be a problem.
The load channel was calibrated against mass standards yielding a
calibration value of 0.503 gmf/mV. This calibration was used to establish a
calibrated input channel to Testworks which reported load in grams. The load
channel demonstrated an average noise value over its full range of 0.365 gmf or
0.16% of full scale [FS], and a noise floor at zero load of 0.04% of full scale.
Tests measuring the calibration masses with the calibrated load channel
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demonstrated an average reporting error of 0.187 percent full scale, well within
the 0.5% of full scale specification for non-repeatability. The linearity specification
of +/-0.5% of full scale was easily met by observing the results of the force
channel calibration. The applied mass series is linear and reported noise values
at each mass point averaged 0.16% FS, the worst case was 0.23% FS both of
which are well less than +/- 0.5% of full scale away from the linear series values.
The error in repeatability of measuring standard masses averaged 0.094% of full
scale; a factor of five improvement over the specified +/-0.5% full scale.
The calibration of load frame stiffness [LFS], the combined stiffness of all
components under load other than the sample, produced a result of 12982 N/m.
While no specification was given for LFS, past experience with other testing
systems indicates that this value is disappointingly low and will likely be a cause
for problems in calculating results from tensile tests of stiff materials. The
dominant, i.e. lowest stiffness component of the apparatus is most likely the load
cell. The customer‟s specification of a load cell for force measurement may be
an insurmountable problem for testing stiff samples.

System Validation
Tensile apparatus and experiment validity are demonstrated by repeatable
reproduction of the results of a standard tensile test, on a standard reference
material, as generated by a commercially available micro tensile tester. The
standard reference material is a polypropylene fiber having a nominal diameter of
100 micrometers, which is used as a standard reference specimen for the Nano
Bionix® micro tensile tester produced by MTS Nano Instruments. Data used in a
device application note for the Nano Bionix® was chosen as the basis for
comparison between the two systems. This data is representative of the
behavior of the polypropylene standard material. Gauge length, strain rate, and
maximum strain were varied among the tests, to demonstrate the validity of
polypropylene as a reference standard. The Nano Bionix was used to produce
the benchmark data (see figure 6.1 and table 6.1).
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Figure 6.1: Stress/Strain curves for Polypropylene standard material run
on a MTS Nano Instruments Bionix® tensile tester

Table 6.1: Data for Polypropylene standard material run on a MTS Nano
Instruments Bionix® tensile tester
Test

Specimen
Name

1
2
3
4
5
6
7
8
Mean
Std.
Dev.
%
COV

Poly. std.
Poly. std.
Poly. std.
Poly. std.
Poly. std.
Poly. std.
Poly. std.
Poly. std.

GPa
1.575
1.631
1.464
1.803
1.498
1.592
1.093
1.308
1.496

Offset
Yield
Stress
MPa
17.491
18.594
16.069
18.899
16.372
18.977
14.032
15.728
17.02

Offset
Yield
Strain
mm/mm
0.013
0.014
0.013
0.013
0.013
0.014
0.015
0.014
0.014

Gage
Length
mm
30.22
30.26
30.3
29.9
30.01
30.15
18.9
18.76
27.312

0.98

0.216

1.772

0.001

5.237

28.5

14.45

10.41

5.57

19.18

Specimen
Diameter
um
107
97
94
92
95
92.5
104
90
96.438

Strain
Rate
mm/mm/s
2.70E-03
2.70E-03
1.00E-03
2.70E-03
1.00E-03
2.70E-03
2.70E-03
2.70E-03
2.28E-03

Maximum
Strain
mm/mm
3
3
2.5
5
5
3
3
3
3.438

Modulus

6.02

7.87E-04

6.24

34.59
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Comparison of the Polypropylene Data Sets:
Polypropylene test data was produced with the prototype device under
similar test conditions to the application note data (see figure 6.2, and table 6.2).
The modulus values determined by tensile testing with the SEM tensile device
show a standard deviation and percent covariance smaller than similar data from
the Nano Bionix® tester. The mean modulus falls within one standard deviation
of the mean modulus for the Bionix® data set. Standard deviation and percent
covariance values for offset yield stress and offset yield strain are somewhat
higher that those for the commercial tensile tester. The mean values for offset
yield stress and offset yield strain fall within one standard deviation of their
respective mean values for the Nano Bionix® data. Statistically two data sets
that fall within one standard deviation of each other are identical, therefore
validation of the prototype hardware and the Testworks® 4 method to perform
the test can be safely assumed.

Figure 6.2: Stress/Strain curves for Polypropylene standard material run
on bench mounted SEM tensile tester prototype
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Table 6.2: Data for Polypropylene standard material run on bench mounted
SEM tensile tester prototype
Test

Specimen
name

1
2
3
4
5
6
7
Mean
Std.
Dev.
%
COV

Poly. std.
Poly. std.
Poly. std.
Poly. std.
Poly. std.
Poly. std.
Poly. std.

GPa
1.219
1.563
1.475
1.584
1.326
1.235
1.223
1.375

Offset
Yield
Stress
MPa
18.145
18.938
16.612
19.852
21.916
16.096
16.999
18.365

Offset
Yield
Strain
mm/mm
0.017
0.014
0.013
0.015
0.018
0.015
0.016
0.015

Gage
Length
mm
19
19.05
19.1
19.05
19.06
19.1
19.15
19.073

0

0.163

2.053

0.002

0.048

0

11.84

11.18

11.42

0.25

Specimen
Diameter
um
105
104
94
89
102
104
99
99.571

Strain
Rate
mm/mm/s
2.70E-03
2.70E-03
2.70E-03
2.70E-03
2.70E-03
2.70E-03
2.70E-03
2.70E-03

Maximum
Strain
mm/mm
10
10
10
10
10
10
10
10

Modulus

6.024

0.00E+00

6.05

0
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7.

INSTALLATION AND DEMONSTRATION TESTS
The tensile prototype was installed on port A of the Quanta 200 SEM (see

figure 7.1). Port attachment and o-ring sealing worked as planned when the
actuator was installed. The tensile specimen holder fit properly in the SEM
sample mounting stage. All cables were connected to attach the system to its
control and data acquisition hardware which was placed on a cart adjacent to the
SEM. Alignment of the hook grip with the sample stage and the beam of the SEM
was accomplished as planned using the tilt actuator to adjust the position of the
hook grip relative to the beam. The load frame stiffness calibration was run and
the value was lower, as expected, due to an added compliance somewhere in
the structure of the SEM, most likely the sample stage. The LFS value fell from
12982 N/m to 11197 N/m.

Testing samples to demonstrate system design
Handling samples as small and delicate as those designed for the
demonstration tests was a challenge. Freeing the samples from the carrier sheet
and mounting them for testing often resulted in bent samples. Tools were
designed to aid in this process, but practice was also required to achieve
success in mounting the samples without bending them. In some cases samples
that appeared to be successfully mounted were bent when observed with the
SEM (see figure 7.2).

Measuring Sample Gauge Section and Length:
As demonstration tensile tests were performed at the customer‟s site, the
individual test specimens were examined to determine the cross section area
and the guage length, the sample thickness was determined by measuring a
representative sample from each sheet using a digital micrometer.
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Figure 7.1: FEI Quanta 200 with prototype and control computer

Figure 7.2: Example of bent specimen, undetected by visual inspection
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The specimen cross section was not rectangular, but was trapezoidal due
to etch chemicals under cutting the photo etch mask during the etching process
(see figure 7.3). To determine the area of the cross section two width values
were measured at the narrowest point determined by observation of the sample
guage section. The length of the guage section was determined by measurement
from an SEM image of the complete specimen (see figure 7.4). The length
measured was somewhat subjective, in that it required a judgment of the location
at which the strain relief radii ended and the guage section began.
The specimen dimensions for all tests were compared with the expected
dimensions of the sample (see table 7.1). The calculated values of average and
standard deviation were computed from the test specimen dimensions and do
not include the values in the row labeled „drawing‟ which are the expected
dimensions. It was interesting to note that even considering the subjective nature
of the measurement, the length of the guage section is substantially shorter than
called for in the drawing sent to the vendor. This can only be attributed to vendor
error in mask design. The width of the guage section is also substantially smaller
than requested, presumably due to difficulty controlling the etch rate on such a
small feature.

Test Data Acquisition:
The tensile method was modified to calculate the cross section area from
the average of two width values measured from SEM images and the measured
thickness of the foil. The calculation of the cross section area assumes the cross
section to be a right trapezoid, i.e. that the etch rate was uniform on both sides of
the sample guage section and that the under cut increases linearly with depth
below the mask yielding equivalent triangular under cuts on each side of the
guage section.
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Figure 7.3: Specimen image showing etch undercutting

Figure 7.4: Example sample image used for measuring guage section
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Table 7.1: Measured dimensions for specimens tested

Specimens were selected from both sheets of specimens, and tested in
the SEM using the tensile tester prototype. A limited number of specimens were
run due to time constraints of the installation trip. On average one of three
specimens mounted were unusable when examined under the beam of the SEM.
The time required to run a single specimen involved cutting free a sample,
mounting it, closing and pumping down the SEM chamber, examining the
specimen, measuring guage widths and guage length, engaging the tensile
actuator sample hook with the sample, and running the tensile test. A single run
took about an hour to perform. To set up the test, two gauge width values,
specimen thickness and the gauge length were determined as previously
described and entered for each specimen (see figure 7.5). A value for strain rate
was required, and used in conjunction with the guage length to determine the
extension rate at which to drive the extension axis. The tension trigger value
determines the point in the result data to treat as zero load and zero extension
for subsequent calculations, in retrospect this value should have been about two
times the noise in the signal or 0.7 gmf. Max strain sets a limit value to end the
test if reached before specimen failure occurs, a strain of 1 in a metal will not
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Figure 7.5: Required inputs for the tensile test method

generally be reached prior to fracture, so specimen failure is guaranteed,
presuming a limit on maximum load capacity of the load cell is not exceeded.
Some specimens were tested at differing strain rates, otherwise all test
conditions were common for all seven specimens (see figure 7.6).

Repeatability of test data sets:
As can be seen from the results of the seven tests performed, repeatability
of the data was poor. The stress strain curves demonstrate some variability from
the general form in several tests (see figure 7.7). The stress strain curves and
the result values for peak stress and stress at break were separated into two
distinct groups (see figure 7.8).
Possible explanations for non-repeatability of specimen data
The division of the data (one group of three specimens and one group of
four) was the same as the division of representative samples taken from the two
sheets provided by the photo etch vendor. This implies some difference in
material properties between the two sheets.
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Figure 7.6: Testworks results page for samples run in the SEM

Figure 7.7: Detail of stress strain plot for samples run In the SEM
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Figure 7.8: Results from Testworks showing stress values
The provided copper foil was supposed to be fully annealed soft copper, but
perhaps annealing was not complete on one sheet. Incomplete annealing would
explain the higher tensile strength values for three of the tests. Small voids in the
material of the specimen could easily generate unpredictable errors in the results
(see figure 7.3). Non-uniformity of experimental conditions could explain some of
the variability seen in the specimen stress strain plots. For example the small
peaks in stress prior to zero extension, would be explained by slipping of the
specimen in the sample holder as it was drawn to tension against the sample
holder grip pin. An error of a few percent in the cross section area due to missselecting the narrowest part of the guage section could easily occur. A better
choice for the value used for the tension trigger would yield a more consistent
initial definition of zero load and zero extension values and thus stabilize the
initial condition for each test. As with any testing system, operator setup of the
experimental conditions plays a part in the results. Further practice preparing and
loading specimens along with a careful observation of the results presumably
would improve repeatability. Differing degrees of strain induced in the specimen
by the process of removing them from the sheet could also result in variation in
the test results.
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Comparison to Standard Values for Sample Material:
Several values for tensile stress are commonly defined, such as peak
stress, offset yield stress, and stress at break. In the reference text tensile
strength was referred to without a further qualifier, this was taken to mean peak
stress, the highest value achieved while the specimen is loaded to failure. The
nominal standard value for tensile strength measured for the specimens tested
was 220 MPa. While the peak stress results for the seven tests average to within
5% of this value (see figure 7.8), the standard deviation was very high and the
actual values bracket the standard. The results were not promising for the first
seven specimens tested, but for various reasons previously mentioned, further
work with the prototype learning to use it effectively and learning to overcome
sample mounting and handling problems hold out hope for more consistent data
in the future.
Modulus results are more puzzling, the value is a factor of 50-100 too low;
modulus for copper should be 110 GPa and the average result is 1.7 +/-0.6.
Actual extension would have to be 50-100 times shorter than reported to explain
this, or area would have to be larger by a similar factor, or force smaller by a
similar factor, none of which I believe to be likely. Another possibility is that in
separating the sample from the sheet the simultaneous cutting of the sample
holding tabs is generating a tensile strain on the sample and partially yielding it
prior to the test.
This is an instance where further experimentation would be very helpful to
sort out these questions. Due to the short time period of the installation trip, no
further data was obtainable. This is so far a one of a kind device and I
unfortunately no longer have access to it for further testing.
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8.

CONCLUSION
Objective

The goal of this design project was to produce a mechanical property
testing device to fit on and, work in conjunction with a specific scanning electron
microscope. The device was designed to implement one of a range of testing
modalities common to mechanical characterization of materials, and to provide a
basis for developing further testing apparatus to implement other types of testing.
The device was designed so that it did not interfere with normal operation of the
SEM when in use, and so that it could be withdrawn to prevent any interference
with other uses of the SEM when not in use. Adjunct to this design, a test article
was also designed to demonstrate operation in the SEM environment.

Challenges
Designing the device to work properly in the SEM chamber was
challenging. Key problems included: ensuring that device components exposed
to the chamber vacuum were compatible with that environment, protecting the
sensitive low level signal generated by the strain guage from noise induced by
the SEM, passing the load signal thru the SEM chamber wall, and achieving
stable alignment of the device working end with the electron beam.
Ensuring that the device did not interfere with SEM operation was also
challenging. Key problems included: ensuring that the device did not interfere
with generation of the SEM chamber vacuum, preventing interference with
electron beam forming capabilities of the SEM, and sufficient motion travel to
clear the working envelope of the SEM stage.

Solutions
Proper materials selection and device construction were key requirements
to prevent degrading the SEM capacity to produce a vacuum sufficient for
operation. Devices from Vacuum components OEM‟s were used for vacuum
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sealing, alignment and motion in the vacuum environment. Custom in vacuum
components were designed of appropriate materials, using vacuum environment
design practices to prevent slow leaks and contamination. The resulting
assembly was leak rate checked to confirm the design. The load cell signal was
shielded over its complete signal path and novel effective signal conditioning
electronics from National Instruments were used to ensure a minimum of noise in
the load signal. The shielding served to also protect the SEM beam from
potential interference caused by the excitation signal sent to the load cell. The
custom port mounting flange was designed to be sufficiently rigid to provide a
stable mounting point for the reminder of the device, and incorporated a sealed
electrical feed through to pass the load cell signals and shield to the exterior of
the chamber. An alignment device produced by a vacuum components OEM
was used to orient the motion axis of the device with the SEM beam. Complete
retraction of the internal components was enabled by a linear motion feed thru
produced by another OEM. The assembly of internal components attached to the
linear actuator was designed to be adjustable to allow load cell and end effecter
alignment relative to the axis of motion.

Results
The design met or exceeded all design criteria initially put forth, and those
extended as a result of the design review. Integration to the SEM was a success
due in part to the design work, in part to FEI‟s generous co-operation providing a
solid model of the chamber and in part to good careful work on the part of the
machinists who produced the parts. Bench top testing prior to installation,
demonstrated the viability of the system by reproducing the results of a
commercially available Nano Bionix® micro tensile tester for a polypropylene
material standard. The results for the copper foil specimens were disappointing,
but reasonable explanations exist for the results achieved, with the exception of
the modulus results. Further experimentation is needed to address these
problems.
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The design was intended to be extendable to other test methods common
to mechanical testing and this can easily be done by changing the end effecter of
the actuator and the design of the sample mounting part attached to the SEM
stage. Indentation or compression tests, for example, could be accomplished by
designing a tip holder for an appropriate tip and a sample mount to affix the
sample surface at an angle perpendicular to the axis of the actuator. Multiple
types of bending experiments could be accomplished in a similar manner.

Recommendations for Improvement
The following areas of investigation have potential to improve on the
existing design, and should be carefully considered prior to the design of the next
generation of this device.
Further testing of the system to understand the cause of the error in
modulus
Designing a means of stiffening the SEM stage to improve load frame
stiffness
Designing an improved tilt actuator for fine end positioning control, to
ensure centering at higher magnifications
Determine a better means of measuring extension of the sample over the
guage length
An investigation into the possibility of a means of measuring sample
extension during the test in an automated way using the SEM, and
passing that information to Testworks
Development of other end effectors and sample mounting components to
perform other common material characterization tests
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APPENDIX
DESIGN & IMPLEMENTION DETAILS
Key details of implementation and design are presented in the main body
of text. This appendix contains information to complete the presentation of the
reasoning supporting design choices. Details about specific OEM components
and custom parts are presented here. Specifics of construction, capability
testing, calibration and validation of the device are presented here as well. Key
details presented in the main body of text are not repeated here, resulting in
minor discontinuities in the following text.
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DESIGN DEVELOPMENT CONSIDERATIONS
SEM Functionality
A scanning electron microscope forms an image by rapidly scanning an
electron beam across a rectangular area on the surface of the sample to be
observed and measuring the magnitude of the backscattered or re-radiated
electron flux as a function of the scan position on the sample surface.
The electron beam generated by the SEM is created from an electron
emission source such as a hot tungsten wire tip or field emission gun. The
electrons are collimated into a beam, and the beam is focused and steered using
electromagnetic lenses in the electron optics column. The beam is emitted at the
bottom of the column and then proceeds a small distance through the chamber to
the sample being imaged. The beam is scanned over a region of the sample
centered on the un-deflected path of the electron beam; the size of the region
scanned is inversely proportional to the chosen magnification. A number of
modalities are used for imaging in an SEM. The two most commonly used are
the secondary electron detector [SED] and the back scatter detector [BSD]. The
scan pattern is recreated electronically on a video monitor in a manner similar to
a television image. The output signal magnitude from the detector determines the
relative brightness for a given pixel in the output image.
For this process to be successful the electron beam needs to be stable
and tightly focused. To ensure that the beam is not scattered and adsorbed by
molecules in the air, the imaging process is carried out in a chamber that is
evacuated by means of staged pumping devices to produce a high vacuum.
Typically the chamber will be pulled down to a rough vacuum by means of a
rotary vane pump, and then a turbo molecular pump will be used to generate a
high vacuum. Reducing the number of molecules of air or other contaminant in
the chamber improves the capability to form an image, since if the electron beam
strikes molecules in its path prior to reaching the sample, electrons will either be
deflected or absorbed and re-radiated. Electrons that are prevented from
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reaching the sample in this manner tend to increase the noise in the imaging
signal and degrade image quality.

SEM Environment Considerations
Vacuum environment:
The material or materials chosen implement the design must not out gas
or release contaminants over time, and must not be porous which would cause
trapping and slow release of air molecules. All liquids, most polymers and metal
parts produced by powder metallurgy techniques should be avoided. Cast metal
parts should likewise be avoided due to the likelihood of entrained pores with
trapped gasses in the body of the casting. Physical design should minimize
surface roughness, and use simple shapes to minimize the overall surface area
of the design since one source of slowly released molecular contaminants is
adsorbed gas molecules on the surface of components. If the environment is to
achieve ultra high vacuum levels then the components must be capable of
withstanding the bake out process used to drive adsorbed gasses from the
surface. Bake out is normally done by heating the components to two hundred
degrees centigrade for extended periods of time. Bake out is not typically
required for the chamber of a SEM. There must not be any designed-in closed
cavities such as the volume at the bottom of a blind tapped hole with a bolt in it or
a tubular element with components threaded into both ends. Such closed
cavities must be made open to the chamber volume by properly placed bleed
holes or center drilled bolts or when practical by through drilling the location for a
bolt rather than creating a blind cavity.
Surface cleanliness is very important parts should be cleaned after the
machining process to remove any surface contaminants. Cleaning can be
accomplished by placing the parts in an ultrasonic bath containing ethanol for
several minutes and then drying the components with a heated air source or
hotplate. Components should not be handled with bare hands, since skin oils on
the surface will be a source of contaminating molecules that will degrade the
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achievable vacuum level. Powder free nitrile rubber gloves are recommended for
handling any parts that will be exposed to the vacuum environment.
Consideration will need to be given to designing the device to ensure that
it maintains the vacuum of the chamber and is practically leak free. Industry
standard sealing techniques such as copper compression seals for fixed joints
and welded metal bellows for moving components should be used where
practical. Properly designed o-ring seals may also be used.

Electromagnetic environment:
If the device to be installed generates a magnetic field it should be
shielded with appropriate material such as mu-metal to prevent the field from
extending into the chamber. If the device includes an electrical or electronic
sensor which will reside in the chamber, then thought must be given to what
effect the electron beam, and backscattered electrons might have on the sensors
behavior.

Mechanical environment:
The apparatus should obviously not physically occlude the beam or the
detector and should not be allowed to reach a position in which it could touch the
pole piece at the bottom of the column. The pole piece is a very carefully
machined component; any damage to the pole would require a very expensive
repair process which can only be carried out at the factory. The device should
not be allowed to be too near the SED to ensure that arcing does not occur as a
result of the high voltage on the SED grid.
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Mechanical Design Considerations
Physical structure of SEM chamber:
The SEM chamber is a roughly cylindrical cavity milled out of a large piece
of stainless steel (see figure 9.1). The chamber is sealed by an o-ring in the door
of the SEM. The chamber door is a plate mounted to a linear translation system
which allows it to be rolled in and out of place over the open end of the chamber.
The sample mounting and manipulating stage is attached to the inside surface of
the door, and is thus easy to access when the door is opened (see figure 9.2).
The FEI Quanta 200 stage allows 5 axes of motion, for positioning the sample, X,
Y, Z, Rotation, and Tilt. The beam generator and electromagnetic lens assembly
is mounted above the chamber and the pole piece protrudes into the top of the
chamber. The chamber walls contain a number of ports at various angles to the
SEM beam, to allow mounting for various sensors, or add-on devices. Ports that
are not in use are covered by bolted on o-ring sealed cover plates. A port of
sufficient size and appropriate alignment to the beam needs to be chosen for
mounting of the apparatus. For purposes of viewing a tensile experiment, a port
that allows mounting at nearly a right angle to the beam is desired.

Means of attachment to the SEM:
A custom designed part will be required for mounting the apparatus to the
SEM chamber. This part will bolt to the chamber at the selected port using the
port cover bolt holes. An appropriate o-ring seal to mate to the port sealing
surface is required and the o-ring channel is milled into the mating surface of this
part. Assuming a sufficiently large port, this part includes a feed through for the
linear actuator and an electrical feed through for sensor signals. The part should
be made of stainless steel and is a welded assembly comprised of custom and
industry standard parts. The actuator feed through is a standard diameter tube
and copper compression seal flange, of the appropriate length, and the electrical
feed through is a weld-in hermetic seal connector. If a sufficiently large port is
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Figure 9.1: Quanta 200 chamber

Figure 9.2: Quanta 200 sample stage
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not available at a suitable location on the SEM, then a less desirable approach
requiring two ports could be taken. One port would be required for the linear
actuator feed through and one for the electrical feed through. This part should be
leak checked after manufacture.

Means of alignment with beam:
The apparatus is aligned with the path of the electron beam, preferably at
a point which is the optimum distance from the end of the pole piece. A
commercially available alignment device is sought to achieve this objective. This
device will need to have very fine control of the position of the end effecter of the
apparatus, and be able to position it with enough range to account for machining
and assembly tolerances. These tolerances are magnified by the distance from
the mounting point of the alignment device to the beam. Due to the beam axis
centric nature of scanning, the smaller the increment of change in end effecter
position relative to the beam that can be achieved, the higher the possible
magnification of the test specimen.

Means of providing the needed linear actuation:
A commercially available linear actuation system designed for vacuum
applications is needed, having the highest possible resolution. The resolution of
this actuation system directly affects the apparatus‟s capacity to measure the
extension of the specimen. Linearity of travel of the system is critical to the
ability to accurately position the end effecter and to ensure that no off axis loads
are applied to the sample.

Means of interchanging end effectors:
To enable the objective of performing other mechanical tests beside the
design goal of tensile testing, a means for changing the end effecter and possibly
the sensor is needed. To accommodate this mechanically separable junctures
are needed on the portion inside the SEM chamber, and an electrical disconnect
on the chamber side of the electrical feed through is needed to allow changing
sensors.
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Data Acquisition and Control Considerations
Independent and dependant data channels:
The two primary data channels for both tensile and indentation types of
mechanical tests are position and force. For a tensile test these are commonly
referred to as extension and load. For an indentation test they are displacement
and load. The independent data channel will be the extension/displacement
channel since in a motor driven linear actuation system this is the datum that can
be directly controlled. The dependant data channel will be load, since its value is
dependant on the value of extension, the end effecter interaction with the
sample, and other unknown parameters of the system behavior. The dependent
channel must be measured and cannot be controlled directly. The independent
data channel is a command signal driving the extension axis of the apparatus; its
resolution is a direct result of parameters of the components of the motion
system, such as lead screw pitch and encoder resolution. The dependent
channel is measured using the appropriate type of sensor. A force sensing
device is required; in this instance a load cell of the appropriate full scale range
was used.

Data acquisition and control system:
A means is required to control the linear actuation system that comprises
the extension axis. Feedback control is needed for accurate positioning and for
control of the velocity and acceleration of the motion system to achieve needed
motion profiles. A means of measuring the output signal of the load cell, and any
other dependant data value, is also required. To be of any value both the
independent, and dependant data must be recorded in a correlated time series.
The most logical means of performing this task is to use a computer system
running data acquisition and control software connected with a motion control
system and data acquisition electronics capable of interfacing to the independent
and dependant variables, and having an internal time reference for purposes of
sequential data acquisition. The software should have a means of creating
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programs for control of and response to the sequence of events that occur during
a typical mechanical test. For a tensile test, for example, the software should be
able to, among other things, move the extension axis at a specified rate,
measure the load and detect a sudden drop in the load indicating breakage of the
tensile specimen. The software should have a means of presenting the results of
a mechanical test in an easily interpreted manner such as a graph. The software
should have a simple and straight forward means for creation and modification of
programs, display of data, storage of data files for future use, calibration of the
apparatus, and should provide a means of manual control of the apparatus.

Channel noise and resolution:
Consideration must be given to minimizing noise and maximizing
resolution of the data channels. The resolution of the extension axis is
dependant largely on the design and specifications of the various components of
the extension axis. The motion feedback encoder resolution, the gear ratio of
reduction gearing between the motor and lead screw, the lead screw pitch,
quadrature encoding of the output of the rotary encoder by the motion control
board and the control board itself all have an effect on the ultimate resolution of
motion. The output of a motion control system is typically a pulse width
modulated [PWM] signal. Pulsing signals are a known radiated electrical noise
source. Shielding should be placed around the motor drive signal wiring, and
appropriately grounded to prevent the radiated electrical noise from interfering
with either the rotary encoder signals, or the load cell signal.
The magnitude of noise in the input signal from the load cell, or noise
floor, determines an effective minimum resolution of the load data. Signal
conditioning techniques are available to reduce the noise and thus improve the
resolution, these should be investigated and the appropriate one used in this
system. Shielded cabling for the excitation and sense wiring to and from the load
cell are used to minimize any environmental noise pickup. Since the load cell
signal is a low level signal, appropriate amplification of the signal should be used
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to match the signal span to the input range of the analog to digital converter
[ADC]. The bit resolution of the ADC, the amount of the ADC range that is
matched by the full-scale range of the amplified load cell output and the
effectiveness of shielding and signal conditioning combine to determine the
effective resolution of the load signal.
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DESIGN IMPLEMENTATION
SEM Specific Constraints
SEM port choice constrains the design of the custom mounting hardware
to the port dimensions, and the dimensions of the existing port cover plate. The
port A inside diameter [I.D.] of 2.75 inches constrains the size of the mechanical
and electrical feed through components. The port cover plate outside diameter
[O.D.], mounting bolt circle and O-ring seal seating groove are further constraints
on the design of the custom mounting hardware. The SEM vacuum environment
constrains choices of material for various in vacuum parts.

OEM Mechanical Components
Linear Actuator:
Commercially available vacuum compliant linear actuation systems from
all major vacuum component vendors were considered. The majority of available
choices were manually actuated in a push/pull or micrometer screw driven
manner, and thus unsuitable for the application. The subset that could be motor
driven was examined and most choices were of insufficient travel to meet the
design goal of a retractable solution, were physically too large to be integrated
via the selected SEM port with an electrical feed through in the same flange, had
a lead screw of too coarse a pitch to meet the objective of high extension
resolution, or were designed such that the working end was insufficiently robust
for attachment of the desired end effectors. This lead to only two choices, which
were very similar in design, produced by the vendors Huntington Labs and
Thermionics. The device offered by Huntington was out of stock and had a long
lead time, and thus the final choice of the Thermionics FLMR-275-50-6 was
made by default (see figure10.1).
Motorization options were a stepper motor and a synchronous AC motor.
Both motor choices were unsuitable, due to the lack of position feedback, neither
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choice offered a rotary encoder. The synchronous motor was also unsuitable, as
it a constant speed motor that can only be controlled in an on/off manner. The
choice was made to order the actuator without the optional motor and integrate a
servomotor with a rotary encoder to provide control and feedback for precise
positioning. This choice was biased by a history of use of servomotors in other
design projects at my company and an existing servomotor control board already
integrated with our data acquisition and control software.

Axial Alignment System:
The majority of available alignment systems from the major vacuum
component vendors were of an X/Y motion design, where micrometer type
screws were used to move one of two flanges connected by a metal bellows
relative to the other. These were either of a Cartesian coordinate design directly
driven in X and Y by micrometer screws or of a tilting design where the

Figure 10.1: Thermionics FLMR-275-50-6
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micrometer screws were used to actuate a tilting mechanism that deflects the
axis through the device along an arc in the X and Y planes. Micrometer screw
actuation has a minimum actuation of 0.001 inches or approximately 25
micrometers in a Cartesian system and a substantially larger minimum actuation
in a tilting design due to deflection magnification resulting from the lever arm of
the micrometer adjustment being much shorter than the axial length from the tilt
point to the point at which the adjustment is needed. For such systems mounted
on 2.75 inch flange the micrometer lever arm was typically 1.5 inches and the
minimum distance from the tilt point to the point of needed adjustment is over 6
inches, thus the minimum actuation of such a system would be over four times
the input actuation of 0.001 inch or approximately 100 micrometers. The
micrometer screw tilting alignment devices are wholly unsuitable and the
Cartesian designs are marginally suitable at best for alignment purposes. These
alignment systems, the Cartesian systems in particular, also required a relatively
large volume of space for installation.
Fortunately one vendor provided a novel tilting design which overcame most of
the objections of the above mentioned devices. The Huntington Mechanical
Laboratories VF-175-2 is a device that provides an axial tilt of 2 degrees by a
split ring assembly such that the two degrees of tilt are controlled by 180 degrees
of rotation of one ring relative to the other (see figure 10.2). The device is
marked off in 0.1 degree increments each of which is approximately 1 centimeter
wide, so it is relatively easy to adjust in 0.01 degree increments. For a six inch
distance from the tilt point, the deflection of the end would be equal to

6inches Sin(0.01)

0.00104inches

25.4um
1inch

26.4um . The device has the

advantage of being very compact in design, and has a resolution as good as the
bulky Cartesian coordinate designs.
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Figure 10.2: Huntington VF-175-2 Tilt actuator
Source: Image is from Huntington Mechanical Laboratories webpage
http://huntvac.com/products.php?t=series&id=1032 image link
http://huntvac.com/images/series/vf-175-10%20a%2004-07.jpg Retrieved
9/16/07

OEM Electrical Components
Load Cell:
While there are a large number of load cell vendors each producing a wide
variety of load cells, the design constraints that the load cell is part of a family of
load cells of a common form and that the system be retractable limited the load
cell choices to only one viable alternative. To meet the retract ability
requirement the load cell was constrained to be small enough to fit within the
1.375 inch I.D. of the tube, with some room to spare to allow axial alignment.
After searching the offering of at least fifteen vendors the only choice to meet
these requirements was produced by Futek Advanced Sensor Technology, Inc.
(see figure 10.3). The LSB200 family of load cells fits in the available space and
is available in a range of capacities from 100 grams to 100 pounds, which does
include the requested 250 gram force load cell.
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Figure 10.3: Futek L2358 JR S-beam 250gm load cell

Electrical Signal Feed Through:
The constraints imposed by the design specifications, that the feed
through have connectors on both the air and vacuum sides and that the electrical
and mechanical feed through fit within the same SEM port, along with the
physical size of the port and selected vacuum tube, eliminated most candidates
available from commercial vendors. The majority of electrical feed components
were either already installed in one of the various standard vacuum flanges as
the only component, had no vacuum side connector available, or when available
as a weld in component were physically too large. When the five connections for
the load cell, two for excitation, two for signal, and one shield, were taken into
consideration only one viable choice remained (see figure 10.4) the Ceramaseal
16001-02-w.
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Figure 10.4: Ceramaseal 16001-02-w and mating connectors
Source: image is a composite of images from CeramTec North America webpage
http://www2.ceramtec.com/catalog07/View_SubSubsection.cfm?SectionID=36&Subsecti
onID=237&SubSubsectionID=215 Retrieved 9/16/07

Motion Control Subsystem:
Linear Actuator Drive
Design constraints on this component are that it be a servomotor, and that
the overall resolution be very high, better than 0.08 micrometers per encoder
count. This requires the rotary encoder to have a large number of counts per
revolution and implies the need for a high gear ratio gear box between the motor
and the lead screw, which should also be of a high pitch. The high lead screw
pitch was satisfied by the 20 turns per inch lead of the Thermionics device
chosen for the linear actuator. Past experience at our company using high
quality integrated motor, encoder and gearbox assemblies from Harmonic Drive
LLC, pointed to their products as the most likely choice for this application. These
harmonic drive systems have practically zero back-lash, cannot be back driven
and have a high output torque. The best candidate Harmonic drive had to offer
was their PSA-8-100 (see figure 10.5) it‟s combination of a 100:1 gear ratio and
500 line encoder provided 50,000 counts of resolution to one lead screw
revolution and thus went a long way toward achieving the overall resolution
design goal. The 12 volt motor has a relatively low 1.22 ampere maximum
continuous current rating, which is within the drive capability of the chosen
motion control board, so an external servo amplifier was not required to support
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Figure 10.5: Harmonic Drive PSA-8-100 servo gear motor

this motor. The PSA-8-100 was chosen, after a review of other vendors‟ offerings
did not reveal a viable competing selection.
Motion control board
The motion control board chosen is a standard component of MTS Nano
Instruments products; it is a custom design 4 channel servomotor controller, with
on board servo amplifiers, designed around a Precision Micro Devices motion
processor chipset, which is built by N.E.M. Co for MTS Nano Instruments (see
figure 8.6). This controller is integrated with the MTS Nano Instruments
TestWorks® 4 Software which is used for system and experiment control and
data acquisition. TestWorks® 4 controls the motor and thus the linear actuator
by means of this motion control board.
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Figure 10.6: MTS Nano 4 axis servomotor controller board

Data Acquisition Sub-System:
NI ADC card
The chosen analog to digital converter [ADC] card is the National
Instruments [NI] PCI 6036E (see figure 10.7). Integration with TestWorks® 4
Software was completed on a prior project, allowing data from the channels of
the ADC card to be treated as channels within the TestWorks® control and data
acquisition software. This ADC meets the design specification requiring multiple
extra channels for sensor input.
NI Signal conditioner Carrier
The NI SC-2350 is an external signal conditioner backplane connected to
the 6036E ADC card (see figure 10.8). It allows for 16 single ended or 8 double
ended analog inputs. The nature of the input can be selected from a wide variety
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Figure 10.7: National Instruments PCI 6036E 16 channel ADC

of possible input types, by choice of the type of signal conditioner module
installed in the 16 available input slots. It was chosen because it allows the use
of the SCC-SG24 signal conditioner and because it allows the system to meet
the design requirement for additional input channels for signal conditioning.
NI Load Cell Signal Conditioner
The NI SCC-SG24 signal conditioner provides excitation to and senses
the output from full bridge strain gauges (see figure 10.9). It uses a nonreferenced single ended [NRSE] interfacing technique to decrease the noise in
the strain gauge signal. The load cell is connected through this signal
conditioning module into the NI SC-2350 carrier and thus is connected back to
the ADC card. The resulting signal data is configured as an input channel to the
TestWorks® 4 Software.
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Figure 10.8: National Instruments SC-2350 signal conditioner carrier

Figure 10.9: National Instruments SCC-SG24 load cell signal conditioner
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Computer and Software:
DELL Computer
The computer chosen, a Dell Precision Workstation model 670 is a
standard component of MTS Nano Instruments products (see figure 10.10). This
is a dual 2.8 GHz Xeon processor computer with 1GB of random access memory
[RAM], a 160 GB hard drive, a 48x CD-read write [RW] drive, a 16x digital video
disk [DVD]+/-RW drive, integrated USB 2.0 ports , keyboard and mouse, and a
17” liquid crystal display [LCD] monitor with the windows XP Professional
operating system installed. It meets or exceeds all the requirements for the
system control computer.
Testworks® 4 Software
Testworks®4 is MTS Nano Instruments software for data acquisition,
hardware and experiment control. The Testworks® user interface [UI] is
configured at software installation for the hardware being controlled, either for
indentation systems, or for tensile testing systems (see figure 10.11). TW4 is a

Figure 10.10: Prototype system, control computer and peripherals
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powerful tool for experiment control; it allows multiple tests on multiple
samples in indentation mode or multiple tests on a single sample in tensile mode,
to be run automatically without requiring user attention during the testing
process. Powerful data manipulation, reduction and reporting capabilities are
built into the software, (see figure 10.12) data may be exported to, and reports
automatically generated in conjunction with Microsoft Office applications.
Experiments are defined using methods, which allow control over system
hardware, data acquisition, data manipulation, data display, and storage (see
Figure10.13). Integration of additional hardware is straight forward; sensors and
actuators are configured as hardware channels within TW4. Hardware channels
have built in routines for scaling and calibration; channel values can be
represented as raw input data or defined and scaled to engineering units
appropriate to the input. Software channels can be created representing data
derived from measured values. Any valid mathematical operation can be
performed on one or more existing hardware or software channels to create a
new software channel. Channels are streams of data acquired simultaneously
at up to the maximum data acquisition rate of 1 kilo-hertz. A time data channel is
recorded to synchronize the other hardware and software channels.
Formulas can be created to calculate results, and inputs defined to
establish values within TW4. All data entities are defined to be in a unit class
representative of the data and are defined in a set of units appropriate to the
data. TW4 handles all conversions of units and proper scaling for calculations
without requiring user intervention. For example one could calculate modulus in
giga-pascals, from a force variable defined in grams force and an area variable
defined in square meters, without having to worry about unit conversions and
conversion scaling which are all handled by Testworks®.
TW4 methods are scripts for defining experiments to be performed. Each
step in the method is defined from a very large selection of possible actions. The
actions could be as simple as calculating a value or displaying a message; or as
complicated as establishing a PID control loop to drive an output channel to a
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Figure 10.11: Testworks®4 Software, tensile tester user interface page

value, so that a software channel, derived from a hardware input channel
representing the test specimens response to the output channel stimulus,
reaches a desired value. Testworks®4 handles the interdependencies of
calculated channels and formulas, automatically performing all calculations in the
appropriate order to ensure validity of the results. Several theses could be
written on what can be accomplished with TW4 software.

Custom Designed Components
Mechanical Components:
Custom flange mounting assembly
A custom made part was required to interface the actuator and alignment
systems, and the electrical feed through to the SEM port (see figure 10.14). A
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Figure 10.12: Testworks®4 Software, example data display page

Figure 10.13: Testworks®4 Software, example method definition page
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custom cover plate was designed, based on the port cover plate for port A of the
FEI Quanta 200, having the same bolt circle and o-ring seal seat dimensions as
the FEI cover plate. A standard 1.5 inch O.D. vacuum tube terminated with a
2.75 CF flange and a hermetic electrical feed through are welded into the custom
cover plate their installation fit within the I.D. of port A. The bolt pattern of the
2.75 CF flange was oriented to ensure that the alignment and actuator subsystems were correctly aligned with the SEM chamber. The length of the 1.5 inch
tube was determined by the overall length of the load cell assembly mounted in
the chamber, the distance from the surface of the SEM port A to the nominal
beam location, the design specification that the system be retractable, and the
length of travel of the linear actuator. Working within the Solidworks 3D
environment greatly facilitated the design of this part.

Figure 10.14: Custom flange for SEM port
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The part was essentially designed in place after the models of the linear
actuator, tilting mechanism, load cell assembly and SEM chamber were properly
oriented in the Solidworks software.
Motor mounting to the linear actuator
A custom part was required to attach the drive motor and gearbox to the
end of the linear actuator (see figure 10.15). The linear actuator was provided
with an industry standard NEMA 23 mounting bracket, which is a standard for
stepper motors, and some servomotors but was not directly compatible with the
Harmonic Drive Systems [HDS] motor chosen for the design. This part was
designed to provide the needed adaptation from the HDS motors three bolt
circular mounting pattern to the 4 bolt NEMA 23 pattern. Mounting points were
needed, for cable connectors, for the motor drive signal cable and for the
encoder and limit switch data cable. These needed to be attached some where
near the HDS motor and the limit switches on the body of the linear actuator.
The motor mounting bracket was designed to incorporate mounting points for the
needed connectors. To ensure that the motor mounting was correctly aligned
axially with the linear actuator, an alignment ring was designed that was a slip fit
to the I.D. of the bracket end of the linear actuator and to a common I.D. on the
motor mounting bracket (see figure 10.16). One end of the lead screw coupling
provided with the linear actuator was bored to accept the output shaft of the HDS
motor.
Axial tilt actuator horizontal mounting compensation assembly
It was discovered during initial testing of the tilt actuator‟s capability that
when horizontally mounted it had more play in tilt than it was capable of adjusting
out. The free play in the mechanism seemed to be about 5 degrees and the tilt
adjustment was +/- 2 degrees. At this point in the project there was insufficient
time to re-think the alignment subsystem and a work around was needed.
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Figure 10.15: Motor mounting bracket

Figure 10.16: Radial alignment ring
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A mechanism was designed to compensate for the free play, composed of two
identical sub-assemblies (see figure 10.17) placed on either side of the tilt
actuator and connected by extension springs under sufficient extension to
provide a normal force on the mounting faces of the tilt actuator(see figure
10.18).
Calculations to determine balancing spring forces
The slop in the tilt actuator was compensated for by applying spring forces
to balance the moment caused by the linear actuator mass and produce a net
force along the central axis of the tensile actuator toward the flange fixed to the
SEM. The spring forces needed to compensate for the horizontal mounting of the
tilt actuator were determined as follows. The SEM side of the tilt actuator and the
compensation assembly on that side are assumed to be fixed. The assemblies
placed on either side of the tilter include 3 rods spaced 120 degrees apart about
the outside diameter of double face flanges. Each rod has a groove for capturing
the spring at a distance of 3 inches from the O.D. of the flange. The center of the
complete assembly was treated as the origin for resolving moments. Figure
10.19 shows a free body diagram of the system of static forces and moment
arms.
The components of the linear actuator assembly include, the motor
assembly comprised of the HDS motor/gearbox and the motor mount plate, and
the Thermionics linear feed through. The HDS motor/gearbox and motor mount
plate were weighed together and found to be 1.05 lb. The Thermionics linear
feed through weighed 5.3 lb. No mass distribution data was available from either
vendor. To approximate the mass distribution in the linear actuator assembly the
following assumptions were made (see figure 10.20). The mass of the motor
assembly acted at a point on the central axis of the assembly midway along its
length. The Thermionics device was a bit more complicated.
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Figure 10.17: Double face flange sub-assembly of the horizontal mounting
compensation assembly

Figure 10.18: Complete horizontal mounting compensation assembly
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Figure 10.19: Free body diagram of spring compensation assembly.

Figure 10.20: Mass distribution for linear actuator
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The majority of the mass is near the mounting flange, the majority of the
length is comprised of a hollow tube and the mass distribution changes with the
stroke of the feed through.
The moving component includes a hollow steel tube ½” in diameter, a small
mounting flange on one end of it, a stop collar on the other end of approximately
the same mass and the bellows seal. The combined mass of these was assumed
to be approximately 0.5 lb and have a symmetric distribution about the center of
the long axis. The moving component has a length of 12 inches and a stroke of 6
inches, with a dead band at each end of travel of 3 inches thus the mass
distribution could change +/-

0.5lb
2

in the moment summation of 0.25lbf

0.25lb about the center of travel. A variation

3in

0.75lbfin was assumed to be

negligible. The moment of the moving mass was assumed to be 0 at the center
of travel. For purposes of calculation the moving mass was assumed to be at the
center of travel and the 0.5 lb mass was subtracted out for purposes of the
remainder of the calculation. To approximate the mass distribution in the
stationary elements 2/3 of the mass was assumed to be in the first third of the
length of the linear actuator (away from the flange) and was applied on the
central axis at the center of that length; the remaining 1/3 of the mass was
assumed to be in the far two thirds of the length and was applied on the central
axis at the center of that region. The values one third of the length of the linear
actuator

12.8in
3

4.267in , one third of the working mass

5.3lb 0.5lb
3

1.6lb , and

the 1.315 inch offset from the flange mounting surface to the body center of the
tilt actuator were used to determine the moment arm lengths, and applied point
masses. The body center of the tilt actuator is used as the origin O for all
moment calculations. The 2/3rds mass value amounted to 3.2 lb and was
applied at 1.315in

4.267in
2

3.445in from the origin. One third of the mass, 1.6 lb
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was applied at 1.315in 4.267in 2

9.849in from the origin, and the

motor/gearbox and mount mass of 1.05 lb was applied at

1.315in 12.8in

4.8in
2

16.515in from the origin. The representative moment

z Fs at the origin was calculated from these values by summation.

z Fs

zi

zi

z

mi
mi

z Fs
z

Fs

mi 3.2lbf

z Fs
mi

3.445in 1.6lbf

9.849in 1.05lbf 16.551in

44.161lbfin
3.2lbf 1.6lbf 1.05lbf

44.161lbfin
7.552in

44.161lbfin

7.552in and

5.85lbf

The variation in moment due to moving components was

0.75lbfin
100 1.7%
44.161lbfin

of the overall moment; thus the assumption that the variation was negligible was
valid.
To determine the required spring forces needed moments were summed about
the origin and set to zero, then the component moments about the Cartesian
axes were determined and solved for the unknown forces.
Mˆ O

a (cos30iˆ sin 30 ˆj ) F1kˆ b( cos 30iˆ sin 30 ˆj )

F2 kˆ cˆj F3kˆ zkˆ

Fs ˆj

0iˆ 0 ˆj 0kˆ

Calculating cross products and resolving into components in X,Y,Z produces.
zFs

b sin 30F2 )iˆ

1)

Mx

( a sin 30F1 cF3

2)

My

( a cos 30F1 b cos 30F2 ) ˆj

3)

Mz

0kˆ

0iˆ

0 ˆj

Known values are:
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a b c 5.75in
z 7.552in
Fs 5.85lbf
Observation shows two equations in three unknowns, an insoluble system. Also
by observation of the design only the forces F1 and F2 generate moments to
counter z Fs and F3 is zero in that case.
Setting F3 to zero yields a soluble system of equations.
From 2)

From 1)

0.5aF1
F1

a cos30F1 b cos30F2

0

b cos30F 2 a cos30F1
a sin 30F1 zFs

b sin 30F2

a sin 30F1 b sin 30F2

0.5aF1

zFs

Substituting a = b yields

0

4) F1=F2

Substituting 4), a=b, and value of zFs

44.161lbfin

44.161lbfin
5.75in

7.7lbf

Assuming the addition of a 2 lb force for F3 to accommodate variation in the
equivalent moment and to ensure normal force on the bearing races of the tilt
actuator the value of F1 can be recalculated from 1)

a sin 30F1 cF3

zFs

b sin 30F2

a sin 30F1 b sin 30F2

0.5aF1
F1

0.5aF1

50.08lbfin
5.75in

zFs

0

cF3

44.161lbfin 2lbf

Substituting F3=2 lbf and other knowns

5.75in

9.7lbf

The distance between spring hook points across the tilt actuator was 2.4
inches. Extension springs with a 2 inch length were readily available in a range
of spring rates. The when engaged the springs are extended 0.4 inches, so the
needed spring rates are:
For F1 and F2 S r

F1
0.4in

9.7lbf
0.4in

24.25lbf / in
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For F3 S r

F3
0.4in

2.0lbf
0.4in

5lbf / in

Available two inch springs were found with rates of 25lbf/in and 5 lbf/in and were
applied to the compensation assembly. The variance of 0.75lbf/in in the spring
rate of the springs generating F1 and F2 produced an excess force of

0.75lbf
1in

0.4in

0.3lbf resulted in an excess moment of

0.3lbf 5.75in 1.725lbfin , or
1.725lbfin
100 3.9% error in the applied moment. This error was deemed
44.161lbfin
inconsequential considering potential inaccuracies arising from the assumptions
the calculation was based on.
Load cell mounting assembly
The load cell (see figure 10.24) needs to be mounted inline with the linear
actuator and the sample mounting means, so that forces exerted by extension of
the linear actuator on the test specimen, are along the long axis of the specimen.
A design goal calls for the load cell to be easily interchanged with one of a
different maximum load. This was achieved by a vacuum side connection to the
hermetic electrical feed through, and by a set screw attached coupling in the
assembly (see figure 10.23). Some adjustment of the rotational alignment of the
load cell within the assembly was needed to ensure that the load cell can be
mounted per the manufacturer‟s recommendation, that the plane of the S beam
load cell structure be parallel to the ground in a horizontal mounting. Rotational
alignment was accomplished by a jamb nut on the threaded portion of the
coupling rod (see figure 10.22) which can be bound against the face of the
actuator mounting flange (see figure 10.21) to fix the rotational alignment of the
rod, load cell coupler, and load cell relative to the linear actuator. The SEM
stage is electrically isolated from the rest of the SEM so that a touch alarm can
be sounded should the sample stage contact the remainder of the SEM. To
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prevent false triggering of the touch alarm by a circuit completed through a
conductive specimen, the hook tip specimen grip (see figure 8.26) was isolated
from the remainder of the tensile test assembly which was in electrical contact
with the SEM chamber. The coupler between the hook tip and the load cell was
made of polyethyl ether keytone.[PEEK] to provide this electrical isolation (see
figure 8.25). PEEK is a polymer suitable for use in a high vacuum environment,
which unlike Teflon also has reasonably good mechanical properties. The hook
tip specimen grip must also be correctly aligned rotationally to ensure that the
plane of the grip and the plane of the specimen are parallel and the specimen
can be seated fully on the hook without causing twisting of the specimen, this
was accomplished by means of a jamb nut binding against the electrically
isolating coupler. The complete load cell mounting assembly (see figure 27.27)
was bolted to the mounting flange on the end of the linear actuator.

Figure 10.21: Actuator mounting flange
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Figure 10.22: Coupling rod

Figure 10.23: Load cell coupler
94

Figure 10.24: Solid model of Futek load cell

Figure 10.25: Electrically isolating hook tip to load cell coupler
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Figure 10.26: Hook tip specimen grip

Figure 10.27: Complete load cell mounting assembly
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Tensile test sample mount assembly
A tensile sample mount (see figure 10.28) was designed to fit the SEM
sample stage in same manner as a standard SEM sample mounting stub. The
sample mount design captured one end of the tensile specimen on a pin through
a hole in the specimen, and oriented the specimen by capturing the end of the
specimen in a groove. The specimen was held in place by a sample hold down
designed to fit over the pin and to rest in the alignment groove on the sample
mount (see figure 10.29). Using a combination of the linear actuator to bring the
hook tip into the beam and the SEM stage to manipulate the tensile sample, the
pin hole in the unsupported end of the sample was aligned over the pin on the
hook tip specimen grip and lowered down to the base of the pin preparing the
sample for the tensile test (see figure 10.30).

Figure 10.28: Tensile sample mount
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Figure 10.29: Tensile sample hold down

Figure 10.30: Solid model assembly of sample and gripping components
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Load frame stiffness calibration tool
To determine the Load frame stiffness a means was needed to make a
rigid connection between the sample mount and the linear actuator. A part was
designed to fit over the pin on the sample mount, and into the sample alignment
groove, with a rigid extension containing a hole for the sample grip hook (see
figure 10.31). This part provides the needed rigid connection so that load frame
stiffness can be measured.
Flange to flange radial alignment tool
Alignment of the hook tip on the end of the linear actuator with the beam,
is affected by how coaxial the various elements of the assembly are as they are
assembled. The assembly points in the system are all 2.75 inch CF flanges that
are bolted together with a copper seal between the flanges.

Figure 10.31: Load frame stiffness calibration tool
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There was a certain amount of play in how the flanges bolt together, so a
tool was needed to ensure that the components are aligned along the same axis.
Two identical curved parts were designed, with an inner radius equal to the
radius of the 2.75 CF flange and a width sufficient to span one flange and overlap
the two adjacent flanges (see figure 10.32). These were slightly less than half a
circle to allow capturing the flange on the tilter part, with out interfering with the
lock screw brackets on the split rings of the tilter (see figure 10.2). To achieve
axial alignment, the flange joints are assembled loosely and the two alignment
tools are affixed to the O.D. of the flanges and then tightened in place using a
large steel band hose clamp. This forces the flanges into axial alignment and
supports them in alignment while the bolts are drawn down to compress the
copper washer and form the compression seal for the joint.

Figure 10.32: Flange to flange radial alignment tool component
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The studs and springs of the horizontal mounting compensation assembly are
installed after the double face flanges are aligned with their mating flanges.

Electrical Components:
Load cell data wiring
A complete shielded signal path is required from the load cell to the
control computer to ensure signal integrity (for pin out see table 10.1). Load cell
data is fed into a TW4 channel via the NI 6036E ADC, which is connected
directly to the NI SC-2345, by a cable supplied with the SC-2345. The SCCSG24 module is connected to 4 BNC connectors on the SC-2345 backplane. To
ensure minimal noise pickup shield leads on all 4 BNC jacks go to analog ground
tie points inside the SC-2345. The center leads of the jacks are connected
respectively to Signal +, Signal -, Excitation + and Excitation - on the SSCCSG24.
Motor power wiring
The Motion control board drives the servomotor with a pulse width
modulated[PWM] control voltage. Pulse width modulation ensures that motor
torque is high even when motor speed is low. The motion controller sends pulses

Table 10.1: Load cell wiring and pin out
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at full rated current, at the pulse duration and duty cycle needed to
achieve a given motor speed. The motor control PWM signal was connected to
the motor by a separate shielded cable(for pin out see table 10.2).
The HDS motor gearbox reverses the direction of motion of the motor
input at its output. To accommodate this positive and negative motor leads are
swapped so that the motor turns the lead screw in the direction expected by the
motion controller.
The cable was connected to the motion control board by a 9 pin male Dsub connector that mates to the axis drive connector. The opposite end of the
cable was terminated with a 15 pin female D-sub connector, which connects to a
15 pin male connector mounted on the motor mount bracket.
Motor encoder and limit switch wiring
Encoder and limit switch signals are passed back to the motion
control board on shielded twisted pairs to ensure signal integrity. Connections to
the needed signals from the HDS motor encoder and from the limit switches on
the Thermionics linear actuator were made to a 15 pin D-sub female connector
mounted on the motor mount bracket(see table 10.3).

A three pair shielded

cable with a 15 pin male connector on one end and a 44 pin male High density D
connector on the other connect these signals to the motion control board.

Table 10.2: Servomotor Power wiring and pin out
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Table 10.3: Encoder and limit switch wiring and pin out

Fifteen pin connectors of opposing sexes are mounted on the motor mount
bracket to ensure that there was no confusion connecting the motor and encoder
cables.
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PROTOTYPE ASSEMBLY AND CALIBRATION
Prototype calibration and verification will be by means of comparison to
physical constants or measurement by generally recognized standard measuring
devices. Calibration, verification and tensile test demonstration of validity will be
carried out on bench top test stands of various designs. In-situ calibration,
verification and tensile experiments will not be possible, until the device is
delivered to the customer, since their SEM is installed at their site and a similar
one is not available to MTS Nano Instruments for prototype development.

Initial Mechanical Characterization
Motion System:
Range of Travel
Nominal range of travel of the Thermionics actuator is 6 inches or 152.4
mm, and the design specification calls for a minimum of 100 mm of travel. The
modifications required to mount the HDS motor to the actuator resulted in a small
loss of travel. The motion system was actuated through its full range of travel
using a 12v power supply and direction control switch. The range of travel was
measured at 5 3/8 inches or just over 136.5 mm, meeting the design
specification.

Measure Range of Travel of Axial Tilt Alignment System:
A test stand was constructed for testing the range of travel of the tilt
actuator, both at atmospheric pressure and under vacuum. It was constructed
from an industry standard 6 way cross with 2.75 inch CF flange fittings, a 2.75
inch spool fitting and several flange caps customized for the application. The tilt
actuator and linear actuator assembly was bolted to the spool, which was
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attached to the 6 way cross. The end of the actuator was fitted with a precision
ground 3/8 diameter tooling indicator ball rated to be accurate to +/-0.0001 inch
or 2.54 microns in place of the hook grip. Two of the cover plates for the 6 way
cross were fitted with Starrett metric depth micrometers mounted at right angles
to each other and at a right angle to the axis of motion of the linear actuator. The
length of the spool was designed to place the tooling ball in the center of the 6way cross when the actuator was near full extension. A sight glass was installed
on the side opposite the linear actuator, so that the intersection of the
micrometers and the tooling ball could be observed. The „X‟ micrometer was
mounted to the left, and the „Y‟ micrometer was mounted up, as observed looking
toward the actuator, along the axis of travel of the actuator. The right port
contained a pair of BNC connectors, and the bottom port was used for
attachment to a commercially available rotary vane vacuum pump capable of a
25 micron vacuum. The center leads of the BNC connectors were used to
provide a voltage to an internal light mounted on the cover plate and to provide a
connection to the tooling ball by means of an attached wire. The frame of the
test chamber was grounded and a circuit was completed through the tooling ball
and either micrometer when they touched, which lit a second light bulb to indicate
contact. This assembly was mounted in a support stand so that the axis of travel
of the actuator was horizontal. At this point the sloppy construction of the tilt
actuator was discovered and the horizontal mounting compensation assembly
was designed. A shorter spool was built to compensate for the added length of
the new assembly. The actuator was extended using a simple pushbutton and
voltage source to drive the motor until the tooling ball was in the center of the 6
way cross, and the depth micrometers met the surface of the tooling ball normal
to its circumference.
Measurements of the location of the tooling ball and thus of the linear
actuator axis were carried out by carefully turning the depth micrometer until
contact with the tooling ball was indicated by the indicator light. Over several
observations the make/break contact hysterisis was about 20um or two tick
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marks on the micrometer. Care was taken when taking readings to ensure that
the value recorded was determined to the nearest half tick mark and that contact
was assumed at the first glimmer of the contact indicator.
The tilt actuator was set to zero tilt and the zero numeric indicator was
aligned to the „Y‟ axis of the test stand. Measurements of the location of the
tooling ball were taken at this arbitrary zero position of the tilt actuator for the
conditions of atmospheric pressure, applied vacuum, and an hour later with
vacuum maintained to assess stability of position (see table 11.1). The change
in position due to pressure change was sufficiently small to cause no perceived
problems, and the stability of position over time was within the measurement
error of the test assembly.
The range of motion of the tilt actuator is +/- 2 degrees but
experimentation determined that the structure of the prototype would rub the
interior of the test stand vacuum tubing at tilts greater than about +/- 0.2 degrees.
The same test setup was used to determine the possible deflection of the
working end of the assembly within the 0.2 degree limit (see table 11.2). One
ring of the split ring tilt assembly was locked with its zero reading at +Y (up), the
other ring was adjusted through the range +/- 0.2 degrees. Measurements of the
tooling ball location were taken for each 0.1 degree increment. The initial zero
reading was used as a reference value for determining change in position values.
Absolute magnitude of motion was calculated as the square root of the sum of
the squares of the X and Y position change values.

Table 11.1: Prototype working end zero stability under various conditions
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Table 11.2: Tilt actuator position adjustment data

The repeatability error values were calculated as the absolute difference
of the absolute magnitude values for the same nominal position of the tilt
actuator. Based on this data the tilt actuator should be able to provide sufficient
adjustment to accommodate misalignment due to assembly and machining
tolerances. The system as installed in the SEM has considerably more
adjustment possible, since there will be more room for deflection of the working
end of the actuator than is possible in the test bench assembly.

Control and Data Acquisition Calibration
Control Channel Calibration:
Calculate resolution of motion system extension channel
The parameters that determine the numerical resolution of the extension
channel include; lead screw pitch , rotary encoder resolution , Gear ratio of HDS
gear box, and quadrature.
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Values for these parameters are as follows
Lead screw pitch = 20 lead screw turns /inch
Encoder resolution = 500 counts/ turn motor
Gear ratio = 100 turns in/ turn out (turns motor/ turn lead screw)
Quadrature = 4 counts quadrature / count encoder
Extension numerical resolution in nanometers per count is determine as follows
E nr

1
20turn 100 500counts 4
1inch
1
1turn
1

1inch
25.4 106 nm

6.35nm
count

The 6.35 nm/count resolution of this design exceeds substantially the resolution
specification of 0.08 μm/microstep. A microstep is the minimum discrete
measure of rotation for a stepper motor, while a count is the minimum discrete
measure of rotation for a servomotor. Thus the equivalent of the specification
would be 80 nm/count. The prototype improves on the spec by a factor of 12.5.
Tune motion system PID control loop
Motion control is commonly accomplished by controlling a servomotor
using a controller implementing a proportional integral derivative [PID] control
loop. Proper values for P, I and D terms are sought, in a process called tuning
the control loop, to ensure that the motor drives it‟s load to the target position in a
reasonable time, minimizing overshoot and preventing oscillation. P is the
proportional gain which increases or decreases the command signal to the motor
proportional to the instantaneous error in motor position. The integral term I,
integrates up the error over time and adds or subtracts a small amount to the
command signal based on the sign and magnitude of the integral to drive the
position to the target value. The derivative term D is used to damp out oscillation
and to minimize the effect of disturbances on the control signal. Proportional
only control will either oscillate around the target if the gain is too high or will
approach the set point but not reach it, if the gain is optimal or too low. The time
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required to approach the set point is a function of the magnitude of the gain. The
magnitude of the integral term controls how rapidly the gap between the result of
the proportional control and the target is corrected, and will increase the rate at
which the actual position approaches the target position. If the integral term is
too high it will also cause oscillation about the target position. The derivative term
helps to damp out oscillations in the control signal, and slows the rate at which
the target is approached. An overly large derivative term will prevent the system
from reaching the target.
Implement extension control channel in Testworks®4
TW4 software controls the extension axis by means of the PMD motion
control board. All needed control information including PID settings, velocity and
acceleration settings and limit switch configuration, are set with Device
configuration dialogs in the TW4 software (see figure 11.1)
Verify calculated extension resolution
The vacuum test stand described above was also used to confirm the
setup of the extension axis in Testworks. The Y flange with the integrated
Starrett micrometer was moved the end location on the 6 way cross opposite the
prototype assembly, replacing the sight glass, and the sight glass flange was
moved to the Y location. The motion system was commanded to move in two
millimeter increments, and at each point the micrometer was used to measure
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Figure 11.1: Testworks®4 extension axis device configuration dialogs
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the location of the tooling ball on the working end of the prototype assembly. As
before the first onset of a flicker of light from the light bulb contact sensor was
treated as the location of the tooling ball. The micrometer was read to the
nearest half mark or 5 microns. Two data sets were taken near maximum
extension, and the motion axis was initialized to its minimum extension limit
switch before each data set (see table 11.3). The results confirm the proper
configuration of the extension axis in Testworks. The error in the readings was
within the measurement error of the test setup.

Data Channel Calibration:
The load cell output is a voltage that varies in response to the strain
induced in the geometry of the load cell by the load exerted on it. The strain is
measured by a strain sensing resistive bridge network attached to the load cell,
which produces a voltage; in response to an input excitation voltage, that varies
linearly with the load on the cell.

Table 11.3: Extension channel verification data
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Testworks channel configuration for raw load cell input
To measure the load cell output in Testworks, the National Instruments ADC
card was setup as an input to Testworks (see figure 11.2) and a hardware
channel was configured to read the raw voltage output from the load cell via, the
ADC card input channel _ACH0 and the SSC-SG24 strain guage signal
conditioner (see figure 11.3). A comparison of data taken with a differential input
the industry standard method of noise reduction for low level signals, to data
taken using National Instruments NRSE input mode, indicates that the choice of
NRSE for this project was a good one (see figures 11.4 and 11.5). Noise levels
in the no load data for both cases, shows an overall noise reduction with the
NRSE input mode of better than 8 to 1 one over the differential mode input. The
single negative going spike in the NRSE data set was generated by a
disturbance of the test setup during the measurement.
Channel calibration force vs. sense voltage of load cell
The SSC-SG24 provides a 10 volt excitation to the load cell and applies a
gain of 200 to the signal before passing it on to the NI ADC card. The nominal
output of the load cell is 2 mV per V excitation at full scale. Thus the signal
provided to the ADC should be nominally 4000 mV at full scale. Testworks
provides several ranges for configuration of the hardware channel based on the
available input ranges of the NI ADC card. The best choice available was a
bipolar 5 volt range with a gain of 1, since gain was already applied by the SCCSG24.
To calibrate the load cell, the complete prototype assembly (see figure
11.6) was mounted to a test stand that held it in a vertical orientation with the
working end down. A small platform was suspended from the hook tip by three
equal length wires. This platform was used to suspend a series of standard
masses from the load cell, generating forces on the load cell due to the
acceleration of gravity.
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Figure 11.2: NI ADC configuration in Testworks, configuration dialog

Figure 11.3: Testworks load cell voltage channel setup in device
configuration dialogs
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Figure 11.4: Load cell voltage signal, NI ADC configured for a differential
input

Figure 11.5: Load cell voltage signal, NI ADC configured for NRSE input
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The input channel was zeroed with the platform suspended from the load
cell and a series of tests were performed taking data for a period of two minutes
at 100 data points per second, for masses in 25 gram steps from zero grams to
250 grams. A best effort was given to ensuring that the platform was not
swinging after the mass was loaded, by manually damping the motion of the
platform prior to beginning the test.
Results from this series of tests were presented by Testworks both
graphically, and in a tabular form showing the mass, and calculated values for:
slope of the data in mV/second, intercept in mV, standard deviation in mV and
the average of the signal over the test period in mV (see figures 11.7 and 11.8).
Examination of the slope data for the tests indicates that the signal was very
stable over time. The worst case slope of 0.000014585 V/s for test 11, results in
only 1.75 mili-volts of drift for the entire 120 second test.
The variation in the standard deviation data across the tests and the
varying magnitude of the periodic variation in the plotted data, indicate that the
manual damping of the platform swing was not consistent from test to test.
Assuming no disturbance in the test data for each mass, one would expect the
standard deviation values to consistently increase as the test mass increases.
Good correlation between the intercept value and the average value, together
with the very low slope values and the periodic nature of the variations in the
plotted test data point to the validity of the average value as a result at each
mass point.
The tabular result data was exported to Excel and further calculations
were performed to determine a percentage deviation from the standard deviation
value and a calibration value in grams per milli-volt for each test (see table 11.4).
As is demonstrated in the table, one standard deviation amounts to less than
0.6% of the measured value for all cases and averages to 0.34% across all tests.
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Figure 11.6: Load cell force calibration configuration
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Figure 11.7: Plot of load cell calibration data from Testworks

Figure 11.8: Tabulated results for calibration data from Testworks
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Table 11.4: Load cell data exported to Excel for calibration calculations

The individual data sets were also exported to Excel and an average was
determined. For each point in the data set, the deviation from the average was
calculated and the value for root mean square[RMS] error was determined by
taking the square root of the sum of the squares of the deviations(see table
11.5). RMS error is an assessment of signal noise level over the whole test, and
its magnitude reflects the threshold of detectable change in the signal level.
The RMS value for each mass data set was used in subsequent calculations to
express the signal noise as a percentage of the signal, as a value in grams using
the determined calibration value and as a percentage of full scale from the grams
noise and load cell range (see table 11.6). Noise as a percentage of full scale
falls well within the +/- 0.5% limit for linearity and repeatability specified in the
design specifications.
Implement force data channel in Testworks®4
The force channel was implemented using the Testworks analog input
device configuration dialog (see figure 11.9). The channel is connected to the
same ADC input channel _ACH0 used in the raw voltage channel implementation
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Table 11.5: Example calculation for RMS noise for a specific test data set

Table 11.6: Load cell data noise calculations
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required for calibration. Testworks allows configuration of channels that report
values directly in engineering units. The channel was configured to report in
grams force by defining the channel unit class to be force and choosing an
appropriate engineering unit. The channel output range was defined by providing
the appropriate full scale value in the selected units for the default 10 volt input
range. The average calibration value from Table 11.4, scaled appropriately for
the 10 volt range yields the value needed to complete the channel definition. Per
the manufacturer‟s specifications safe overload for the load cell is 100%. The
channel as configured allows for reporting over range values, which are trapped
by limit detection routines configured in Testworks methods. These routines
protect the load cell from damage by halting the extension axis as soon as an
overload condition is detected.
Verify Testworks®4 force channel
Verification of the force channel setup and calibration was carried out
using the same test fixture and loading platform used to acquire the calibration

Figure 11.9: Channel configuration, input device configuration dialog
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data. A series of standard masses in 50 gram increments were applied, and data
was taken for each mass over a two minute interval as in the calibration. The
applied mass and average channel values were exported to Excel for calculation
of error values (see table 11.7). The linearity specification of +/-0.5% of full scale
was easily met by observing, in Table 11.6 that the applied mass series is linear
and all reported value deviations are less than +0.5% of full scale away from the
series values. The repeatability specification of +/-0.5% of full scale was met as,
demonstrated by a data set repeating mass measurements for 0, 100, and 150
grams (see figure11.10) and subsequent calculation of repeatability error in
grams and percent full scale from the data exported to Excel (see table 11.8).
That the repeatability specification of+/-0.5% of full scale was met, also was
demonstrated by repeatability of the zero point values for several tests, which all
fall well within the equivalent +/- 1.25 gram range (see figure 11.11). This data
set also shows that the noise floor, noise at zero load was on the order of +/- 0.1
grams or 0.04% of full scale.

Table 11.7: Force channel calibration verification

121

Figure 11.10: Testworks results data for repeatability tests

Table 11.8: Load cell repeatability calculations

Figure 11.11: Testworks zero load noise and repeatability plot
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Calibrate load frame stiffness
Complete calibration of the prototype requires a measure of the stiffness
of the load frame. The load frame is comprised of all components of the system
that are a part of the structure exerting or resisting the load on the sample. The
measured load is a function of the response of all these components and the
sample to the strain caused by the extension of the tensile actuator. The sample
and the load frame are mechanically equivalent to two springs in series, so to
calculate the stiffness of the sample the stiffness of the load frame must be
known. The load frame stiffness consists of the summation of the stiffness
values of all components of the test assembly discounting the sample itself. A
bench top calibration was performed using a test stand designed to securely
clamp the apparatus in place, and provide a rigidly fixed bar with a hole in it to
capture the pin of the hook tip tensile grip. The structure of this test stand was
designed to be very rigid so that the assumption, that the measured stiffness was
the stiffness of the prototype structure, could be made with reasonable certainty.
A Testworks method (control and data acquisition script) was written to
drive the extension axis so as to generate an axial tension on the structure of the
actuator caused by the pin pulling on the hole in the test stand, and to measure
the force causes by this extension. The method extended the axis at a constant
rate till the load reached the load limit of the load cell, at which point the
extension was returned to its starting value. The method included a defined
calculated channel for the instantaneous stiffness, a point by point ratio of load to
extension (see figure 11.12). Load frame stiffness [LFS] was calculated as the
average of this channel, for a range defined by inputs to the method, which
define the beginning and end of the plateau in the stiffness curve (see figure
11.13). The values calculated for LFS are very consistent as demonstrated by
these results (see figure 11.14). The LFS values are also disappointingly low
and will likely be a cause of problems in calculating results from tensile tests of
stiff materials. The final determination for the LFS value cannot be made until
the apparatus is mounted on the customers SEM.
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Figure 11.12: Load frame stiffness calibration data plots from Testworks

Figure 11.13: Testworks input values for LFS calculation

Figure 11.14: Load frame stiffness results from Testworks
124

BENCHTOP EVALUATION OF TENSILE APPARATUS
A Brief Discussion of Tensile Experiments
Tensile experiments are performed on physical specimens having a
uniform cross sectional area over a test region defined as the gauge section of
the specimen. A good knowledge of both the gauge length and specimen cross
sectional area are required to accurately perform a tensile test. The sample is
mounted between two grips on the tensile testing apparatus and a displacement
is caused to occur between the grips extending the specimen, and the resulting
force is measured. A continuous displacement of the tensile tester grips causes
an extension of the specimen. The extension of the specimen is measured over
the gauge section of the specimen. The specimen extension is typically
continuously changed up to some limit or the failure of the specimen. The test
proceeds by applying a strain at a specified rate, and measuring the force
exerted on the specimen to achieve this strain. Strain is defined as change in
length divided by initial length. Strain rate is the rate at which the strain is applied
(strain/second) and determines an extension rate equal to the strain rate times
the gauge length.
A plot of stress versus strain (see figure 12.1) for a specimen is
characteristic of the specimen material and in some materials varies with the
applied strain rate. Stress/strain curves show two distinct regions, one in which
stress is increasing rapidly with increased strain and one in which stress is
relatively constant with increased strain. In the first region elastic deformation of
the specimen is predominate and the strain resulting from the extension of the
specimen increases rapidly.
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Figure 12.1: Example stress strain curve for Polypropylene
In the latter part of the first region and in the second region, the specimen
is plastically deforming and the stress decreases, becoming relatively constant in
the second region as the specimen yields. There is typically a substantial
change in slope of the stress/strain curve at the transition between these two
regions which indicates the end of elastic deformation and the predominance of
plastic deformation in the specimen. Depending on the nature of the material this
transition will be more or less clearly defined.
The material property modulus can be determined from the stress/strain
curve by calculating the slope of the stress versus strain curve over the initial part
of the first region in which the material deformation is solely due to elastic
deformation (see the green line in figure 12.2). The onset of plastic deformation
or yielding in the specimen is demonstrated by a change in the slope of the
stress/strain curve. One method of defining this point on the curve is to assign it
at an arbitrarily selected, small percentage change or offset in the slope. Offset
yield stress and offset yield strain are defined as the values of stress and strain
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Figure 12.2: Expansion of the small strain region of plot in figure 6.1

at the so defined offset yield point, indicated by the marker YO (in figures 12.1
and 12.2).

Verify Tensile Apparatus and Experimental Method
The Nano Bionix® micro tensile tester produced by MTS Nano
Instruments was used as a benchmark for prototype verification. Tensile
apparatus and experiment validity were demonstrated by repeatable reproducible
results, matching Nano Bionix® results for a standard polypropylene reference
specimen.
The tensile apparatus was mounted in a test stand placed on a laboratory
bench top. The grips and sample mounting methods used were as close as
possible a duplicate of those used on the Nano Bionix®. The sample axial
alignment sub-system used on the Nano Bionix® was a part of the test stand.
The Test stand was the same highly rigid structure used for the LFS
determination.
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Implementing a Testworks®4 Method for the SEM Apparatus
Tensile Experiment:
The TW4 method used to run experiments for the SEM tensile tester was
based on the standard tensile test method used in the MTS Nano Bionix®.
Modifications to the standard method were made to accommodate the
differences in hardware between the Bionix® and the SEM tensile apparatus.
These differences include a different resolution of the extension axis due to
different linear actuation hardware, and a completely different means of
measuring the load. The channels for load and extension were defined and
calibrated during prototype assembly and calibration, and are raw data channels
in the TW4 software. Since the TW4 software automatically handles all unit
conversions and scaling internally, the modification of the test method, to support
the new hardware was quite straight forward. Extension channel changes were
totally transparent to the standard method since the only real difference was one
of resolution. Test method modifications for the different load sensor simply
required going through the method and changing references to the load channel
in formulae, and calculated channels, to references to the new load device
channel. Fortunately due to the power and ease of use of the TW4 software this
was a relatively painless process.

SEM Tensile Apparatus Polypropylene Test Data:
For the proof data set, experimental consistency was one of the factors of
interest so all experiment conditions were kept constant. The strain rate, and
max strain were fixed for all experiments, and gauge length was kept as constant
as possible. Sample preparation was done in the manner recommended in the
users guide for the Nano Bionix®. Sample mounting and alignment also followed
the users guide recommendations and the grips used were standard Bionix®
grips. The results for the polypropylene standard, as tested by the SEM tensile
apparatus are consistent with those from a Nano Bionix® application note.
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INSTALLATION AND IN-SITU EVALUATION
Installation on SEM
Mechanical attachment:
Figures 13.1, 13.2 and 13.3 show the system as installed on the
customers SEM.

Axial alignment:
The tilt actuator functioned well to align the hook grip with the beam of the
SEM. In the as-mounted condition with the tilt actuator at zero position, the hook
tip was less than 1 mm away from the correct location. This degree of accuracy
in initial alignment was largely due to the availability of a solid model of the
chamber during the design process, and good work on the part of the machinists
that made the parts.

Figure 13.1: Tensile actuator prototype installed on FEI Quanta 200 port A
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Figure 13.2: Working end of tensile system inside SEM chamber

Figure 13.3: Tensile sample mount installed in SEM sample stage
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The angular misalignment due to all sources amounted to:

Sin

1

1mm
25.4mm
6in
inch

0.38 deg .

This misalignment was well within the range of adjustment and easily
corrected by the tilt actuator. The adjustment did not result in the moving
components touching the interior of the custom flange and tube or the SEM
chamber due to clearance being greater than in the test bench setup, as
expected.

Load frame stiffness calibration:
The final value for LFS for the complete system installed on the SEM was
determined using the load frame stiffness calibration tool. This component was
installed on the sample holder over the sample mounting pin and the hook grip

Figure 13.4: Tensile sample, holder and hook grip in SEM image
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pin was engaged in the hole in the end of the LFS tool. The coupling of the hook
grip and the LFS tool was carried out using the SEM sample stage to align the
hole over the hook grip pin and lower the sample mount and LFS tool down to
engage the pin. This task was carried out while observing the components with
the beam of the SEM. A series of three tests identical to the tests performed
during the bench top LFS calibration were performed and the data was reduced
to determine LFS in an identical manner. The resultant LFS value was as
expected, somewhat lower than the value acquired in the bench top calibration
(see figures 13.5 and 13.6). This was most likely due to the SEM stage
contributing an additional low stiffness component to the overall load frame.

Figure 13.5: LFS calibration plots, tensile system mounted on SEM
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Figure 13.6: Average load frame stiffness values from Testworks

Proof of Concept Experiments
Proof of concept test specimen:
The specimen was necessarily very small and was not producible by
machining from a bar of metal as is commonly done with tensile specimens for a
more normal scale. Possible methods considered for producing very small
specimens from stock sheet material include photochemical etching, stamping,
and laser machining. Laser machining generates heat which would change the
mechanical properties of the material selected in a difficult to determine manner.
Stamping would result in specimens being loose from the sheet, resulting in
difficulty handling them, difficulty ensuring that they are not bent prior to testing,
and would require very expensive tooling. Photochemical etching requires only
relatively inexpensive photo mask tooling, does not produce heat in appreciable
quantities, and can be controlled to produce tight dimensional tolerances. Thus
photochemical etching was the method of choice for specimen production.
Given the requirement for a low value of σ, a first choice for a candidate
material was annealed aluminum (see table 13.1). Discussion of the photo
etching process with Tech-Etch, a vendor specializing in high precision photo
etching, revealed aluminum to be a poor candidate material due to its reactivity,
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and insoluble reaction products which cause problems with controlling the
etching process. Tech-Etch recommended copper, brass, or stainless steel as
good readily available candidate materials for the etching process. Further
discussion of photo etching revealed the limit of reliable etching to be metal foils
0.003 inch thick, with minimum feature sizes on the order of 1 to 2 times the
selected thickness.
Aluminum would be the best choice for a specimen material due to its low
tensile strength, but copper was chosen based on the vendor‟s recommendation.
Tech-Etch has available Electrolytic Tough pitch copper alloy 110 in 0.003”
sheet stock, this is a fully annealed 99.92% pure copper with a tensile strength of

32000lbf
, it was chosen as the best candidate material of those
in 2
recommended, as it has the lowest value of σ. The target force at failure was
125 gmf. From these values, and the formula for σ, the target cross sectional
area of the specimen Acs was determined as follows.
Sigma is in units of force per unit area and has the formula

F
thus, Acs
Acs

F

. Converting units for sigma gives

Table 13.1: Tensile strengths of candidate materials for etched specimens

Source: “Marks‟ Standard Handbook for Mechanical Engineers” ninth edition,
Eugene A Avallone and Theodore Baumeister III, McGraw Hill book company
1987. Specific references: (1) table 6.4.12 page 6-78; (2) table 6.4.3 page 6-64;
(3) Table 6.2.19 page 6-40
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3200lbf
in 2

454gmf
lbf

14.5 106 gmf
. So Acs
in 2

125gmf
14.5 106 gmf
in 2

8.27 10 6 in 2 .

The sheet thickness is nominally 0.003 inches, so the calculated design width
was

Acs
3 10 3 in

8.27 10 6 in 2
3 10 3 in

2.76 10 3 in

Minimum etch dimension of 1x thickness constrains the width to 0.003 inch and
the minimum value of Acs
failure was

14.5 106 gmf
in 2

9 10 6 in 2 . From F

9 10 6 in 2

Acs the expected force at

130.5gmf .

The sample (see figure 13.7) was designed to have a two ends with holes
for attachment to the sample gripping means. The larger end was designed to fit
the groove in the sample holder for axial alignment, and the hole was located to
ensure that the complete gauge section, transition radii and a part of the sample
end were clear of the sample holder. The other end of the sample was designed
to be as small as was practical since it would have to be supported by the gauge
section prior to attachment to the hook grip on the tensile actuator. At either end
of the specimen a small support tab was included so that the sample would
remain attached to the sheet after photo etching and thus be kept straight until
needed. Transitional radii were designed into the sample between the guage
section and the ends to help ensure that there was no localized stress riser due
to a sharp transition, which would cause the specimen to fail under load at the
transition, rather than in the gauge section. These radii were twice the width of
the gauge section to ensure a gradual transition.
Finite element analysis of the sample was performed using Cosmos
Works to assess the validity of the sample design. Cosmos Works uses a linear
elastic solver; the results can only be used to confirm the location of maximum
stress and that the tensile stress for the sample under the proposed load
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Figure 13.7: Solid model view of tensile test sample

would exceed the tensile strength value for soft copper, implying the specimen
would fail at that load (see figure13.8). This solver is not capable of performing
the non-linear analysis needed to model plastic deformation to correctly show
associated strain and displacement beyond the yield point on the stress strain
curve so these results are not shown.
The FEA calculation was setup using the following assumptions. The
specimen was meshed with a shell mesh having a thickness equal to the
specimen thickness of 0.003” and an element size of 0.001” which gave nine
elements in the cross section of the guage region of the specimen. The hole in
the larger end of the specimen was constrained to be fixed and a load of 1.25 N
was applied along the axial direction of the specimen to the edge of the hole in
the smaller tab. This load simulated the design load, half the 250 gmf capability
of the load cell.
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Figure 13.8: CosmosWorks result for tensile stress from a 1.25 N load

A standard reference source27 provides tensile strength values for
Electrolytic tough-pitch copper ranging from 32.0 e+3 psi for soft copper to 50.0
e+3 psi for hard copper. An appropriate conversion factor from psi to the SI unit
pascal [Pa] was found in the same source to be 6.894757 x 10 3 Pa/psi.28

soft

hard

32.0e 3 psi 6.894657x103

Pa
psi

50.0e 3 psi 6.894657x103

Pa
psi

220.632x106 Pa

344.738x106 Pa

This gives nominal tensile stress values of 220 MPa for soft copper and 344 MPa
for hard copper. Thus the FEA result confirms the design of the sample, showing
the vonMises stress reaching the reference tensile stress value for half the load

27

“Marks‟ Standard Handbook for Mechanical Engineers” ninth edition by
Eugene A. Avallone and Theodor Baumeister III, 1987. table 6.4.3 page 6-64
28
“Marks‟ Standard Handbook for Mechanical Engineers” ninth edition by
Eugene A. Avallone and Theodor Baumeister III, 1987. Table 1.2.4 page 1-24
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capacity of the load cell. Since

F
is linear with force the 250gmf full
Acs

capacity of the load cell would double the resultant vonMises stress to 440 GPa
which is sufficient to fail a hard copper sample of this design.
A dimensional drawing of the sample was created (see figure 13.9), and
two sheets of the copper foil test specimens were ordered from tech-Etch (see
figure 13.10). Lead time for the etched sheets was such that the specimens
would be ready just prior to delivery of the system.

Sample Handling and Mounting:
Handling samples as small and delicate as these was a challenge.
Experimental attempts to separate the samples from the etched sheet prior to the
installation trip ended in failure. The forces exerted on the sample while cutting it
away from the frame were sufficient to bend or break the guage section of the
sample. Tools were quickly designed to aid removal of the sample from the
sheet without damaging it.

Figure 13.9: Dimensions of tensile coupon, decimal inches
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Figure 13.10: Photo etched sheet of samples

A parting tool was designed to hold two Xacto knife blades at the proper spacing
to engage both of the sample support tabs at the same time (see figure 13.11). A
flat aluminum backing plate to support the whole sheet of etched samples and a
small hold down tool (see figure 13.12) to hold the sample still while cutting it free
were also designed. The use of these tools substantially improved the success
rate in separating samples from the sheet. Once these tools were available the
system and samples were ready for installation at the customer site.
Onsite, handling the freed sample was also found to be a challenge, picking up
and transferring the sample to the sample holder required skill that could only be
developed through practice. The sample was self supporting but simply moving
it through the air at the wrong angle could cause the guage section to bend.
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Figure 13.11: Sample parting off tool handle for 2 Xacto blades

Figure 13.12: Sample hold down tool to prevent bending during parting off
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The best method for sample manipulation was:
1)

to use tweezers to pick up the sample, by the remainder of the support tab
on the larger end of sample and

2)

carefully carry it to the sample holder, keeping the long axis parallel to the
direction of motion

3)

to then place the hole in the larger end of the sample over the pin on the
sample holder,

4)

release the sample,

5)

nudge it into alignment with the sample holder groove using tweezers

6)

then place the tensile sample hold down on top to secure the sample in
the sample holder.

Due to the small scale of the samples it was some times difficult to determine if
the sample was bent prior to examination with the SEM.

All information regarding results of sample testing at the customer site is
presented in the main body of text.
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